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FOREWORD

This dissertation is divided into two parts, 'Part I.
Methyl Oleate Ozonides in Aqueous Micelles: Formation,
Stability, and Initiation of Lipid Peroxidation' and 'Part
II. Relative Antioxidant Efficiencies in Aqueous Micelles
of Anionic and Cationic Surfactants'.
The 'Abstract', 'Bibliography', and 'Appendix' cover
the whole dissertation, although the dissertation has been
divided into two parts.

Chapter I is adapted from a

manuscript 'Separations and Spectral Data on the Six
Possible Ozonides from Methyl Oleate' authored by Mingdan
Wu, Daniel F. Church, Thomas J. Mahier, Steven A. Barker,
and William A. Pryor, which was submitted on May 17, 1991
to the journal "Lipids".
Each Part of the dissertation has its own
introduction, which gives relevant background, brief
literature review, significance, and objectives of the
project.

Some details of experimental data are attached in

the 'Appendix', which includes IR and NMR spectra,
calibration of ozone concentration, HPLC standard curves of
methyl oleate and its ozonides, and kinetic curves of the
hydrolysis of the ozonides.
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ABSTRACT

Ozonation of methyl oleate has been shown for the
first time to form ozonides in aqueous micelles of sodium
dodecyl sulfate (SDS) and in L-a-distearoylphosphatidylcholine (DSPC) liposomes.

The total yield of

ozonides in 0.02 M SDS micelles exposed to 26 ppm ozone at
pH 7.4 and 22°C is 11.1%.

This 11.1% consists of 7.5% of

the normal ozonide (M002), ca. 4.2% of trans-isomer and ca.
3.3% of cis-isomer, and the rest 3.6% is accounted for by
the cross ozonides (MOOl and M003).

Regarding the

hydrolytic stability of the ozonides under physiologically
relevant conditions (e.g., pH 7.4 and 37°C) , the half-lives
of trans-M002 and cis-M002 in 0.10 M SDS micelles are 22.6
days and 6.1 days respectively.

The demonstration of

formation and stability of ozonides in such aqueous systems
as micelles and liposomes would mean that they may be
formed in vivo and may serve as potential marker molecules
for ozone reactions in lung surfactant or cell membranes.
Additionally, the formation of ozonides in vivo could have
potential toxicological significance, since they are shown
to initiate the autoxidation of methyl linoleate in 0.10 M
SDS micelles at pH 7.4 and 37°C.

Detailed *H and 13C 400 MHz NMR data for the ozonide
ring protons and carbons in M001, M002, and M003 as well as
cis—M002 and trans-M002 are presented for the first time.
Also presented are extensive UV, IR, HPLC and MS data for
the ozonides of methyl oleate.
Coming to the second portion of the dissertation, the
relative antioxidant efficiencies (RAE) of 12 naturally
occurring and synthetic antioxidants have been determined
in both 0.10 M SDS and 0.10 M hexadecyl trimethylammonium
bromide (HDTBr) micelles by following the formation of
conjugated dienes (CD) spectrophotometrically at 234 nm in
a model system using inhibited autoxidation of linoleic
acid.

The RAE values in SDS micelles for /?-, y- and S-

tocopherols, 2,6-di-tert-butyl-4-methyl-phenol (BHT),
ascorbyl palmitate, and ascorbic acid as compared to atocopherol are in good agreement with the literature values
using other methodologies.

Micelles of different charge

types are shown to have a significant effect on the
relative antioxidant efficiency of charged antioxidants
such as ascorbic acid and Trolox C.
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Part I

METHYL OLEATE OZONIDES IN AQUEOUS MICELLES:
FORMATION/ STABILITY, AND
INITIATION OF LIPID PEROXIDATION

1

A.

A.l

INTRODUCTION I

Ozone in the Environment.
Ozone occurs at concentrations as high as 4 to 5 ppm

in the stratosphere at altitudes between 15 and 45 km.
This layer of the atmosphere is also termed the
'ozonosphere', because of its high ozone content.

The

ozonosphere plays extremely important and manifold roles in
terrestrial life, particularly human life, by absorbing a
portion of solar radiation with wavelengths less than 300
nm and giving a protection for living organisms.

Ozone in

the ozonosphere substantially reduces the fraction of solar
radiation around 3 00 nm transmitted to the earth's surface,
and so biological substances are exposed to much less u.v.
radiation than they would be in its absence.

Ozone also

has a strong absorption band in the infrared region around
1030 c m 1 and retains a portion of the heat which would
otherwise be lost by radiation into the outer space.
Therefore ozone provides a dual protection to living
organisms on the earth.

The importance of atmospheric

ozone is prompted by studies as early as the 1920's and
thereafter (1).
Ozone in the troposphere (< 15 km), on the contrary,
is an air pollutant.

It is considered to be, at least in

part, transported from the stratosphere.

However, ozone is

also continuously being formed from oxygen in the

3
atmosphere under the effect of u.v. solar radiation as well
as certain chemical reactions, while it decomposes
photolytically and thermally at the same time (see eqs 1-4,
Scheme I).

A dynamic statistical equilibrium is thus

established for its formation and destruction.

The local

concentration, however, is always controlled by conditions
prevailinq at a given location.

The balance of atmospheric

ozone is also affected by nitrogen oxides (NOJ
Scheme I).

(eqs 5-7,

Additionally hydrocarbons, as contaminants in

the air, significantly increase the ozone concentration, as
shown in eqs 8-10, Scheme I.
The distribution of ozone in the troposphere, where
life is possible and meteorological phenomena take place,
is significant with respect to nature.

Although ozone as

such is harmful to life, no hazardous concentrations of
ozone are normally encountered.

However, higher

concentrations of ozone are reached where pollutants reach
higher concentrations in the air due to emissions from
industrial establishments in general and automobile
exhausts in particular.

The average ozone concentration in

the air of Los Angeles, for instance, was reported to be as
high as 0.2 ppm with a peak value of 0.99 ppm {2,3).
According to the literature, average ozone concentration in
atmospheric air is about 0.02-0.2 ppm (Table I).
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02 + hr

------ >

0 + 0

(1)

------ >

03 + M

(2)

03 + hr

------ >

02 + 0

(3)

03 + O

>

2 02

(4)

N02 + hr

-----— >

NO + O

(5)

0 + 02 + M

------ >

03 + M

(6)

03 + NO

------ >

N02 + 02

(7)

RH + O

------ >

R- + -OH

(8)

R* + 02

>

ROO*

(9)

ROO* + 02

>

RO* + 03

02 + 0 + Ma

(10)

Scheme I. The Generation of Ozone in the Atmosphere
(Ref. 4,5).
a. 'M' represents the third body.
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Table I.

Typical Concentrations of some of the
Main Pollutants in Photochemical smog*.

Pollutant

Concentration
(ppm)

Carbon monoxide

2-20

Carbon dioxide*

315

Methane*

1.0-1.2

Nitric oxide

0.01-0.15

Nitrogen dioxide

0.05-0.20

Ozone

0.02-0.20

Total hydrocarbons
(excluding methane)

0.20-0.50

Alkenes

0.02-0.06

Aromatics

0.10-0.30

Aldehydes

0.05-0.25

Peroxyacylnitrates

0.01-0.04

a. Ref. (4).
b. Ref. (2).

A. 2

Physiological and Biological Effects of Ozone.
Ozone inhalation causes various symptoms ranging from

unpleasant smell to pulmonary edema to death.

The half-

lethal concentration, LD50, for laboratory animals like
mice, rats, and rabbits, is 4-12 ppm (6,7).
primarily affects the lungs.

Ozone

Pressure felt in the chest

upon exposure to ozone implies a functional disturbance of
the lung, whereas the reaction of the mucous membranes in
the upper respiratory tract manifests itself in dryness of
the mouth, the nose, and the throat.

A sharp pain is felt

in the throat and irritant symptoms are also exhibited in
the eye, such as diminishing visual activity, appearance of
tears, and edema.

Apart from coughing and headache,

dizziness and sweating are also experienced.

This type of

effects is classified under the category of toxicosis and
is called ozone poisoning (1).

Toxicity due to ozone obeys

the general equation, eq 11, which states that the product
(K) of concentration of ozone (C) and time of exposure (T)
is constant over the range of 1 to 55 ppm (7).
C

X

T = K

(11)

Biological effects of ozone have been studied for
several decades.

According to Goldstein et al.

(8,9) the

toxicity of ozone can be attributed partly to the oxidative
decomposition of unsaturated fatty acids taking place in
the body.

Most recent chemical model studies (10-11)

suggest that unsaturated fatty acids in lung surfactant and

pulmonary cell membrane lipids are the primary targets for
direct ozone damage.

A lot of biological studies (12-20)

reveal the fact that lungs are damaged in animals exposed
to ozone.

However, it needs to be pointed out that the

secondary toxins formed from the reaction of ozone with
primary target molecules may cause more distant damages,
like damage to red blood cells (21,22) .

The most recent

hypothesis from Pryor's laboratory suggests that aldehydes,
hydrogen peroxide, and organic radicals produced from the
interaction of ozone with unsaturated fatty acids in
biological systems be mediators of ozone toxicity (10,11).

A.3

Physical and Chemical Properties of Ozone.
Ozone, a triatomic allotype, has a higher molecular

weight, melting point, and boiling point than dioxygen, a
diatomic species.

Ozone has the resonance structures of

both dipolar and singlet diradical species (shown in Scheme
II).

The larger dipole moment of ozone arises from the

contribution of dipolar species, while dioxygen shows zero
dipole moment.

In water and other polar solvents, the

dipolar species may be more favored than the diradical
structure, which allow ozone to have much higher solubility
than oxygen in water (Table II).
The differing magnetic susceptibilities of ozone and
oxygen suggest that ozone could exist as either a singlet
diradical or dipolar zwitterion, while oxygen has a triplet

•w»

;0#

0<

•O:

!0.

.w,

-

i

)

Singlet diiadical

Scheme II.

The Resonance Structures of Ozone.
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ground state (see Table II).
In inorganic reactions, ozone is an exceptionally
powerful oxidizing agent with a high reductive potential
(see Table II), only next to fluorine.

It can oxidize most

metals, except gold, platinum, and iridium, at room
temperature (23-25).

In most cases, ozone is reduced to

molecular oxygen releasing only one oxygen atom (23).

The

formation of inorganic ozonides occurs when ozone
participates in cryochemical reactions (2).

The

decomposition of ozone is catalyzed by light, moisture,
certain metal oxides, metals, halogens, nitric oxides, and
all kinds of adsorbents such as activated carbon, molecular
sieves, silica gel, etc.

(1,23).

Ozone can react in three different ways with organic
compounds (2): a) through a common oxidation reaction (eq
12); b) with formation of peroxides (eq 13); and c) by
addition to double or triple bonds with formation of
ozonides (see Scheme III).

Ozone is so reactive that it

can react with almost all types of organic compounds,
including saturated hydrocarbons (26-28).

0

nu

(12 )

o

9

R-C-OH

+

03

>

9

R-C-OOH

(13)

10

Table II. Some Physical Properties of Ozone and Oxygen".

M.W.

48.00

32.00

bp (760 mm Hg)

-111.9°C

-183. 0°C

mp (760 mm Hg)

-192. 7°C

-218.4°C

Dipole Moment

0.53 Db

•

*

Oxygen

0

Ozone

0

Properties

Magnetic
Susceptibility
XlO6
in gas

0.002 cgs units

10.62 cgs units

in liquid

0.150 cgs units

260.0 cgs units

Solubility
in H20

0.980 g/Lc

0.043 g/Ld

in CC I 4

6.4 0

0.420 g/Ld

g/Lc

Reductive Potential
>

0

•
CM

(E°)

0.682 Ve

a. Ref. (29).
b. Ref. (30).
c. See ref. (31); the data were obtained under the
following conditions: at 18°C (in H20) and 15°C (in
CC14) and under 765 mm Hg (in H20) and 760 mm Hg
(in CC14) .
d. Ref.

(32) ; under 760 mm Hg and at 20°C.

e. Ref. (33).
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A.4

The Reaction of Ozone with Olefins.
The reaction of ozone with alkenes and unsaturated

fatty acids in the solution phase occurs via the well-known
Criegee ozonation mechanism, which involves the
intermediate formation of a carbonyl compound and a
carbonyl oxide (34).

In non-participating solvents, the

carbonyl oxide recombines with a carbonyl compound to form
a Criegee ozonide.

In participating solvents, the carbonyl

oxide is trapped by a solvent molecule.
represented in Scheme III.

This mechanism is

For example, ozonation of

methyl oleate as a thin film and in pentane (35-38)
produces mainly methyl oleate ozonides, whereas ozonation
of an aqueous emulsion of oleic acid produces predominantly
hydrogen peroxide and aldehydes (11,39).

Ozonation of

methyl oleate in dichloromethane saturated with water (40)
or in a solvent mixture of acetone and water (41) produces
a-l-hydroxy-l-alkylhydroperoxides.

In addition to the

products generated from the Criegee mechanism, small yields
of some other peroxidic materials or radicals from other
mechanisms also occur (42-4 7).
Although the Criegee mechanism for the reaction of
ozone with alkenes in solution was proposed as early as in
the 1950's, the occurrence of the carbonyl oxide as a key
intermediate could not be observed until recently (48-50).
For a long time, the detection of cross ozonides and cis
and trans isomers of ozonides was cited as evidence for

H

H

) — (

Ri

♦

o,

Ri

(b)

(c)
h ,o

.0*
"s C

+ R2*

k

o— o

.

OH
I
R,— C— H
I
OOH

R,CHO + H202

Scheme III.

The Mechanism of Ozonation of hn Olefin.
l-»
tsj

the formation of carbonyl oxides (34).

The normal and

cross ozonides and their cis/trans isomers from the
ozonation of methyl oleate were first reported by Riezebos
(51) and Privett (35,52) in the early 1960's.

Later,

Lorenz and Parks (53) also found the same phenomenon for
some smaller unsymmetric alkenes.

These studies are

considered to have important contributions to understand
the Criegee ozonation mechanism (34) .

Since these early

studies, many papers (54-68) have been published concerning
the cis/trans ratios and the yields of cross ozonides, and
all support the hypothesis of carbonyl oxide formation.
Formation of cross ozonides and cis/trans stereoisomers are
summarized in Schemes IV and V.

A.5

Lung Surfactant and Cell Membrane Lipids.
Pulmonary surfactant forms an insoluble film at the

surface of the alveolar lining fluid.

The hydrocarbon

tails of the surfactant are exposed to air while the polar
heads face inside the body fluid, forming a monolayer (69).
Phospholipids are estimated to comprise about 78% of
total lung surfactant lipids, about 25% of which is
unsaturated, 50% due to oleate (69-71).

Protein is only

about 10% of the total mass of the surfactant.

H

H

)=(

Ri

+

Oi

R-

p

/

o

?
A
o

o

h

\
?

A

A

h

tcx xx
o— o

Cross-Ozonide

Scheme IV

o— o

Normal-Ozonide

xx
o— o

Cross-Ozonide

The Mechanism of Formation of the Cross
Ozonides.

trans - Ozonide

syn - Carbonyl Oxide

/

A

Rt

H-

&

■

H
H

anti - Carbonyl Oxide

Scheme V.

cis - Ozonide

The Control of the Stereochemistry of Ozonide
Formation by Carbonyl Oxide.
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Cell membranes separate the contents of cells from
their environment and serve as selective permeability
barriers between the cytosol and the extracellular medium.
Cell membrane lipid bilayers play this important role as
they are divided into a non-polar, viscous hydrophobic
'interior' and a hydrophilic 'exterior' region.
The major components of cell membranes are proteins
(20-80%) and lipids (80-20%).

For example, human

erythrocyte membranes contain 49% of protein and 47% of
lipid, and about half the amount of the total fatty acid
content is made up of the unsaturated fatty acids (72).
About 17% of this unsaturation is due to oleate (73).

A.6

Description of Ozonation Models.
Many model chemical systems have been used in the

literature to study the reactivity of ozone towards the
unsaturated fatty acids in lung surfactant and in cell
membrane lipids.

They include unsaturated fatty acids in

non-participating organic solvents (35,36,38), in films
(3 7), in non-participating organic solvents saturated with
water (40), in the mixture of acetone and water (41), in
aqueous emulsions (11,39), in a monolayer (74,75), in
aqueous micelles (20,42,76), and in liposomes (11,39).
Ozonide formation is possible only in non-participating
organic solvents and in films (11,35-41).

Hydrogen

peroxide and a-l-hydroxy-l-alkylhydroperoxides are formed
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when ozonation is carried out in mixtures of water and
organic solvents (40,41); hydrogen peroxide and aldehydes
are the predominant products when ozonation is carried out
in emulsions and in liposomes (11,39).

For ozonation in a

monolayer, the detection of products is limited by the
sensitivities of the analytical techniques (74).

Ozonide

formation for the ozonation of unsaturated fatty acids in
aqueous micelles and liposomes has never been reported.
In this dissertation, four in vitro chemical models
have been used to simulate the reactions of ozone with
unsaturated fatty acids in vivo: droplets, hexane
solutions, aqueous micelles, and modified liposomes (see
Fig 1).

1) In a simple droplet model, methyl oleate is

floated at the center of the surface of the phosphate
buffer solution to mimic a surfactant monolayer in lung
surfactant.

2) The reaction of methyl oleate with ozone in

hexane is assumed to be somehow similar to that occurring
within a lipid bilayer, which is a non-polar 'hydrocarbon
like' environment.

3) The third model system uses aqueous

micelles consisting of a hydrophobic, non-polar 'liquid
hydrocarbon core' area and a hydrophilic 'stern layer' or
'stern region' around the micellar surface (77-83).

The

physical forces involved in the process of micellization
exemplify the self-aggregation process in biological
membrane bilyers.

Since aqueous micelles are well-

characterized and have been extensively studied (77-83),
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Ozonation

(1)

Droplets

Models

(2) A Homogeneous
Solution of
Methyl Oleate
in Hexane

oil droplet

*
phosp hate buffer

(3)

Aqueous Micelles

(4)

q

DSPC Liposomes

!

~~C
0=0

Fig 1.

The four ozonation models used in this study.
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we use aqueous sodium dodecyl sulfate (SDS) micelles to
mimic a cell membrane lipid environment.

4) Phospholipid

liposomes is one of the most-accepted lipid bilayer models
at present (84,85).

We use methyl oleate incorporated into

L-a-distearoyl-phosphatidylcholine (DSPC) liposomes which
carry only saturated fatty acids as a modified liposomal
model.

A.7

Autoxidation of Polyunsaturated Fatty acids.
Autoxidation of polyunsaturated fatty acids (PUFA)

produces rancidity in food, spoilage, and toxic compounds
(86).

In biological systems, it causes damage to the

membranes that results in swelling and leakage (87).
Autoxidation is a radical chain process and has been
extensively reviewed (88-92); a detailed description of
this reaction can be found in Part II of this dissertation.
Ozone can initiate lipid peroxidation through two
different pathways: direct and indirect.

In the first

case, the radical could be generated when ozone attacks
double bonds of unsaturated fatty acids or hydrocarbons
(42-47).

In such a case, radicals from trioxide (eqs 14

and 15) or more likely organic radicals from the primary
ozonide (see Scheme III and also ref. 42) may be involved.
RH
ROOOH

+

03

->

ROOOH

>

R0-

(14)
+

H00*

(15)

In contrast to direct initiation of lipid
peroxidation, radicals generated from the final stable
ozonation products like hydrogen peroxide, a-1-hydroxy-1alkylhydroperoxides, and ozonides, are also able to
initiate lipid peroxidation.

This is an indirect way of

initiation and may have a slower rate of initiation than
the direct mechanisms.

Lipid peroxidation by either direct

or indirect initiation should be suppressed by
antioxidants, like a-tocopherol (93).

A.8

Fatty Acid Ozonides as Secondary Toxins.
Evidence has accumulated that fatty acid ozonides may

cause some biological damage.

Privett et a l . (94,95) found

that methyl linoleate ozonides and methyl linoleate
hydroperoxides have similar effects on rat lung.

Menzel et

al. (96,97) found that both methyl linoleate ozonides and
methyl oleate ozonides produce Heinz bodies in human and
mouse erythrocytes at concentrations ranging from 10‘2 to
10"4 M and oxidize reduced glutathione (GSH) with a one-toone stoichiometry.

Calabrese et a l . (98,99) showed that

methyl oleate ozonides effect red blood cells of glucose-6phosphate dehydrogenase-deficient human and Dorset sheep
erythrocytes.

Rietjens et al. (100,101) reported the

reaction of methyl oleate ozonides with GSH, catalyzed by
rat liver glutathione S-transferases.
studies, Ewing et al.

From chemical model

(38) clearly showed that both methyl
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linoleate ozonides and methyl oleate ozonides initiate
autoxidation of neat methyl linoleate in condensed phase.
Consistent with the results of Ewing et al., we have found
that methyl oleate ozonides can initiate the same reaction
in micelles.

All above investigations support the

hypothesis that fatty acid ozonides may serve as toxic
intermediates in ozone-induced cell damage.

A.9

Safety Precautions in the Use of Ozone.
Great care should be always exercised when dealing

with ozone.

The explosion limit of mixtures of ozone in

oxygen depends on the concentration, temperature, pressure,
and the presence of contaminants or catalysts.

It has been

shown that explosions occur when ozone concentrations are
greater than 9% (v/v) in oxygen at 1 atmosphere pressure
and room temperature, and also when ozone is present at 19%
(v/v) in liquid phase at liquid air temperature (ca. -183°C)
(102,103).
All activities dealing with ozone or ozonized products
should be conducted with caution, because ozone is such a
potent oxidizing agent, highly reactive and highly
cytotoxic.

When performing ozonation experiments, one

should use a hood with good ventilation, gloves, goggles,
and a safety shield, and always destroy unreacted ozone
with a KI trap solution.
avoided.

Inhalation of ozone should be
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A.10

Objectives of This Project.
The reaction of ozone with biologically-related

compounds has been studied in Pryor's laboratory
(10,11,20,21,27,28,38,42-46,104-110).

In a recent

publication from this group (10), it was hypothesized that
aldehydes and hydrogen peroxide are major products
generated from the reaction of ozone with unsaturated fatty
acids in lung surfactant.

In view of this hypothesis, the

following questions seem appropriate; a) are ozonides
formed in lung surfactant and cell membranes when exposed
to ozone?

b) are ozonides stable in cell membrane

bilayers?

and c) are ozonides able to initiate lipid

peroxidation in cell membrane bilayers?
The objectives of this study are to identify ozonide
formation in chemical models and to use the data and the
information from additional studies to make speculations on
the answers to the questions posed in the above paragraph.
Methyl oleate is chosen as a model compound to
represent unsaturation in lung surfactant and in cell
membrane lipids, because oleate is a major unsaturated
fatty acid in lung surfactant and also is one of the major
unsaturated fatty acids in cell membranes (see Introduction
I, A.5).

The four solvent systems mentioned in a previous

section (see Introduction I, A.6) are employed.

Hydrolysis

of methyl oleate ozonides in aqueous micelles is used to
model the stability of ozonides in the bilayers.
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Autoxidation of methyl linoleate initiated by methyl oleate
ozonides is also reported in aqueous micelles.

Also, we

wish to find a convenient analytical methodology to
identify ozonides formed in model studies.
Because of a lack of precise and complete spectral
data on methyl oleate ozonides, detailed mass, IR, UV, *H,
and 13C NMR spectroscopic studies are reported here.

The

structures of six possible ozonides of methyl oleate
together with their trivial names and abbreviations are
shown in Scheme VI.
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The Six Possible Ozonides of Methyl Oleate.

B.

CHAPTER I

SPECTRAL AND OTHER PHYSICAL DATA
FOR METHYL OLEATE OZONIDES

B.l

EXPERIMENTAL

B.1.1

Materials.
Cumene hydroperoxide (80%) and methyl oleate (>99%)

were purchased from Sigma Chemical Co., St. Louis, MO.
Chloroform-d (99.8 atom% D), tert-butyl hydroperoxide
(70%), copper (II) sulfate pentahydrate (98+%, ACS
reagent),

lithium chloride (99+%, ACS reagent), and zinc

chloride (98%, ACS reagent) were purchased from Aldrich
Chemical Company, Inc., Milwaukee, WI.

Hydrogen peroxide

(30%), iodine (99.9+%, AR), potassium iodide (99.9+%, AR),
sodium acetate trihydrate (100%, AR) , sodium phosphate,
dibasic, heptahydrate (99.49%, AR) , methanol (99.9%;
ChromAR, HPLC), and water (ChromAR, HPLC) were purchased
from Mallinckrodt, Paris, KY.

Chelex®-100 chelating resin,

200-400 mesh, sodium form (analytical grade) was purchased
from Bio-Rad Laboratories, South Richmond, CA.

Benzene

(AR), acetic acid (99.7%, AR), and sodium phosphate,
monobasic, monohydrate (100%, AR) were purchased from J. T.
Baker Chemical Co., Phillipsburg, NJ.

Both analytical TLC

plates (PE Sil G/UV, F-254, 250 /im layer) and preparative
TLC plates (Silica Gel 60A, F-254, 20x20 cm2, 1000 jum layer)
were purchased from Whatman International Ltd., Maidstone,
25
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England.

Membrane filters (0.45 /zm pore, 50 mm diameter)

were purchased from Millipore Corporation (Bedford, MA).
Water used in all HPLC experiments was pre-filtered
through a 0.45 /zm membrane filter.
Acetate buffer (0.2 M, pH 4.5) was prepared as
follows: to 16 g of sodium acetate trihydrate dissolved in
20 mL H20, 34 mL of 6 N acetic acid was added, and this
solution was then diluted to 500 mL.
Stock solutions of phosphate buffer (0.3 M, pH 7.4)
were prepared as follows.

Solution A: 16 g of sodium

phosphate, dibasic, heptahydrate was dissolved in 200 mL
deionized water and treated with 0.05 g Chelex®-100 at room
temperature over night.

Solution B: 2 g of sodium

phosphate, monobasic, monohydrate was dissolved in 50 mL
deionized water and treated with 0.01 g of Chelex®-100 at
room temperature over night.

A solution of pH 7.4 was made

by mixing filtered solutions of A and B in the appropriate
ratio.

The deionized water was of high electrical

resistance, R > 15 Mf2 and prepared from an Orion™ reverse
osmosis water purifier (Osmonics, Inc., Minnetonka, MN).
Methyl linoleate hydroperoxides were prepared as a
crude mixture by exposing 100 mL of methyl linoleate to air
for 24 hours at room temperature.

The hydroperoxides

formed due to autoxidation were analyzed directly by
polarography.
All other chemicals were used as received without

27
further purification.
B.1.2

Preparation of the Ozonide Mixture from Methyl
Oleate.
Using a procedure modified from that described by

Ewing et al. (38), 4.5 g of methyl oleate was dissolved in
80 mL dry pentane in a 200 mL three-neck flask connected to
a trap containing a 10% KI solution.
was then chilled in an ice-water bath.

The reaction vessel
An OREC ozonator

(Ozone Research & Equipment Corp., Phoenix, AR, Model
03V10-0) was used to generate a 1.2% (v/v) ozone-in-oxygen
gas stream (ozone output was calibrated using iodometric
method, see Appendix, H.3).

Ozone was bubbled at a flow

rate of 200 mL/min through the chilled, continuously
stirred reaction solution.

Pentane was added to keep the

volume of the reaction solution constant during ozonation.
The reaction was stopped after about three hours when the
KI solution in the trap became yellow.

At the end, the

absence of methyl oleate in the reaction mixture was
confirmed by TLC.

Unreacted ozone was removed by slowly

bubbling nitrogen through the reaction solution.

The

solvent was removed using a rotary evaporator under vacuum
at room temperature, leaving about 4.8 g of oily material
with a unique smell.
B.1.3

Analysis of the Ozonide Mixture.
A Whatman analytical TLC plate was developed using a

mobile phase of (1:9, v/v) diethyl ether/petroleum ether
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(bp 30-60°C) .

A Hewlett-Packard HPLC chromatograph

(Hewlett-Packard Company, Palo Alto, CA, Model HP 1090 LC
chromatograph) installed with a reverse-phase HewlettPackard ODS Hypersil, 5 fim, 200x2.1 mm column was used.
The mobile phase initial conditions were 50%
methanol/water, and increased linearly to 100% methanol
over 15 min then held at 100% methanol for 10 min.

The

flow rate was 0.45 mL/min and the eluent was continuously
monitored at 210 nm.
B.1.4

Isolation of cis/trans Pairs of the Normal and
Cross Ozonides.
The oily material from ozonation was separated into

one pair of normal and two pairs of cross ozonides using
fluorescence Whatman preparative TLC plates developed using
(5:95, v/v) diethyl ether/petroleum ether (bp 30-60°C) .
B.1.5

Isolation of the cis and trans Normal Ozonides.
A reverse-phase Hewlett-Packard ODS Hypersil, 5 jum,

200x4.6 mm column was used on a Hewlett-Packard HPLC
chromatograph.

The mobile phase, 93% methanol/water, was

used isocratically at a flow rate of 1.0 mL/min to isolate
the cis and trans normal ozonides from the mixture of cis
and trans isomers.
B.1.6

Analysis of the Ozonide Yields from the Ozonation
of Methyl Oleate in Hexane.
About 10 mg of methyl oleate was dissolved in 2.4 mL

of hexane and ozonated for 2 min using 1.2% ozone-in-
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oxygen.

The solvent was evaporated and methanol was added

to give a total volume of 2.4 mL.

The methanol solution

was directly subjected to HPLC analysis.

The ozonide

yields were calculated using the external standard method
(standard curves can be found in Appendix, H.4), and the
ratios of the trans to cis isomers were calculated based on
the area ratios of HPLC peaks which corresponded to the
each isomer.
B.1.7

Determination of the Half-wave Reductive
Potential, EI/2, of the Normal Ozonide.
The half-wave reductive potential of the normal

ozonide of methyl oleate (M002) was determined using a
polarographic method with a square wave voltammetry
technique on a polarographic analyzer (EG & G Princeton
Applied Research, Model 384B, Princeton, NJ).

The

instrument was calibrated using 250 ppm of CuS04 and ZnCl2
in 0.2 M acetate buffer (pH 4.5) at 22°C.

A static mercury

drop electrode was used while the reference was a standard
calomel electrode.
Samples of 5 /xL of tert-butyl hydroperoxide, 5 /xL of
cumene hydroperoxide, 10 /xL of methyl linoleate
hydroperoxides, and 5 jxL of M002 were separately dissolved
in 10 mL of benzene/methanol (1:1, v/v) containing 0.3 0 M
LiCl.
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B.1.8

Spectrometry.
The UV spectra were determined on a Hewlett-Packard

HPLC chromatograph equipped with a photo-diode array
detector.

For mass spectra, a unit-resolution Finnigan MAT

mass spectrometer (Finnigan MAT, San Jose, CA, Model TSQ
4500) was used with either methane or isobutane as the Cl
reagent gas at 0.5 torr.

Direct probe was used and the

source temperature was set at 50°C.

For FT-IR samples, a

film was deposited on an NaCl disk and the spectra were
obtained on a Perkin-Elmer FT-IR 1700X instrument (Perkin
Elmer Ltd., Beaconsfield, Buckinghamshire, England) with
resolution of 1 cm'1.

The NMR spectra were obtained on

either a Bruker AM-400 MHz or AC-200 NMR spectrometer (USA
Bruker Instruments Inc., San Jose, CA) equipped with a
Bruker Aspect 3000 computer; the solvent was CDC13 for both
•h and 13C spectra.

A trace amount of CHC13 in CDC13 served

as a reference, 7.2 6 ppm for !H and 77.00 ppm for 13C
spectra.
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B.2

RESULTS

B.2.1

Isolation of the Cross and Normal Ozonides.
One pair of normal ozonide (M002) and two pairs of

cross ozonides (M001 and M003) of methyl oleate were
synthesized and isolated; the normal ozonide was further
isolated into cis- and trans-isomers (cis- and trans-M002).
Table III gives corresponding Rf values from TLC and
retention time, R,, from HPLC.

Figure 2A represents a

reverse-phase HPLC chromatogram showing separation of all
six ozonides of methyl oleate.
B.2.2

The Half-wave Reductive Potential/ Em , of the
Normal Ozonide.
Figure 3 shows a polarogram of M002 and Table IV gives

half-wave reductive potentials of tert-butyl hydroperoxide,
cumene hydroperoxide, methyl linoleate hydroperoxides, and
M002.

B.2.3

Spectral Data on the Ozonides: UV, mass, and IR.

Figure 2B gives UV spectra for all six ozonides of
methyl oleate.

Figures 4, 5, and 6 give mass spectra of

the normal (M002) and two cross ozonides of methyl oleate
(M001 and M003).

Table V compiles major peaks of IR

absorption of the normal and two cross ozonides, and the
full IR spectra can be found in Appendix, Fig 26.
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Table III.

The Relative Fronts (Rr; TLC) and the
Retention Times (Rt; HPLC), in minutes,
for Methyl Oleate and its Ozonides.

Spots or
Peaks (a)

Rf
(b)

M001
Methyl Oleate

-

0.86

18.1 (trans)
17.9 (cis)

-

0.74

17.4

0.51

16.3 (trans)
16.1 (cis)

0.20

14.1 (trans)
13.9 (cis)

0.53 (trans)
0.47 (cis)

MOO 2
MOO 3

(c)

a. See Scheme VI for the structures.
b. See ref.
c. Our data.

(36).

Rt, min
(c)
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Table IV.

Half-wave Reductive Potentials, Em ,
of M002 and some Hydroperoxides.

Compounds

El/2/ V
(a)

(Jb)

t-butylhydroperoxide

-1.34

-1.15

Cumene hydroperoxide

-1.15

-1.08

Methyl linoleate hydroperoxides

-0.91

-0.80

MOO 2

-0.97

a) Our data.
b) From ref.

(111,112).

Table V.

The IR Data for Methyl Oleate and its Six Ozonides
(in cm'1).

Ozonide0

The Ring C-0 Bond
(b)
(c)
(d)

MOOl

1108

1110

M002

1109

1110

MOO 3

1109

1110

Methyl Oleate

N. A.

1109

a. See Scheme VI for the structures.
b. Our data.
c. Ref.

(51).

d. Ref.

(38).

e. N.A., no absorptions.

Ester Carbonyl
(c)
(d)
(b)
N. A.c

N. A.

1742

1730

1742
1734

1730

1744

1741

(B)
50
0

350
250
Wavelength (nm )

250
350
Wavelength (nm )

250
350
Wavelength (nm )

MOO 3

MOO 2

MOO 1

(A)
200
150

100
50
14

15

16
T im e

MOO 3
Fig 2.

17

18

( m in .)

MOO 2

MOO 1

(A) A Reverse-phase HPLC chromatogram for the six ozonides
of methyl oleate.
(B) The UV spectra for the six ozonides of methyl oleate.
The trans isomer is always the top curve whereas
the cis isomer the bottom curve of the spectra.
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The mass spectrum of the cross ozonide of methyl oleate (M003).
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B.2.4

*11 and 13C NMR Spectral Data on the Six Ozonides of
Methyl Oleate.

Figure 7 gives 400 MHz *H and 13C NMR spectra for the
ring protons and carbons of all six ozonides.

The full

spectra of *H NMR for M001, M002, and M003 are shown in
Appendix, Fig 27, and those for cis- and trans-M002 in
Appendix, Fig 28.

The full spectra of ,3C NMR for M001,

M002, and M003 are referred to Appendix, Fig 29, and those
for cis- and trans-M002 referred to Appendix, Fig 30.
Figure 8 gives 400 MHz 2D 1H-13C correlation NMR spectra
for MOOl and M003 (A 4 00 MHz 2D 'h -13C correlation NMR
spectrum for M002 is also attached in Appendix, Fig 31).
Figure 9 gives NMR spectra of the ring protons and carbons
of six ozonides of methyl oleate obtained from a 200 MHz
NMR spectrometer.

The full spectra of 200 MHz NMR for all

six ozonides of methyl oleate can be found for protons (Fig
32) and carbons (Fig 33) in Appendix.
Table VI compiles major spectral data of *H and 13C NMR
for six ozonides of methyl oleate obtained on a 400 MHz NMR
spectrometer.
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Table VI.

The *H and 13C NMR Data for Methyl oleate and its Six Ozonides (in ppm).
M001“

Proton NMR
Ozonide Ring

(c) b 5.19 (t, 1H)
(t) c 5.14 (t, 1H)

Ester Methyl

-

Terminal Methyl
Carbon NMR
Ozonide Ring

0.88 (t, 6H)

(t)104.33
( C ) 104.28

Ester Carbonyl
Terminal Methyl

-

14.05

a. See Scheme VI for the structures,

M002“

M003a

(c) 5.18 (t, 1H)
(t) 5.14 (t, 1H)

(c) 5.17 (t, 1H)
(t) 5 .12 (t, 1H)

(c)3.66 (s, 3H)
(t) 3 .66 (s, 3H)

3.65 (s, 6H)

(c)0.87 (t, 3H)
(t) 0. 88 (t, 3H)
(t) 104.34
(t) 104 .23
(c) 104 .26
(c) 104.17

(C5)
(C3)
(C5)
(C3)

-

(t)104.24
(c)104.18

(t)174.21
(c)174.22

174.23

(t) 14.06
(c) 14.06

-

b. 'c': cis-isomer,

Methyl Oleate

5.34d (m, 2H)
3.65

(S,

3H)

0.87 (t, 3H)

129. 99d
129.73d
174.22
14.06

c. 't': trans-isomer.

d. From the double bond.
*>>
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B.3

DISCUSSION

B.3.1

Assignments for the Normal and Cross Ozonides.
Three types of ozonides were identified by a Whatman

analytical TLC plate from the ozonation mixture (see Table
III); they correspond to one normal ozonide (M002) and two
cross ozonides (M001 and M003), all of which contain both
cis and trans isomers (see Scheme VI for structures of
those six ozonides).

The reverse-phase HPLC chromatograph

has provided complete separation of the six ozonides (in
Fig 2A).

The assignments for the normal ozonide and cross

ozonides isolated from the preparative TLC plates are
consistent with the results from MS, IR, and NMR data in
addition to the TLC data.

The mass spectral data provide

the correct molecular weights of the prontonated parent,
(M+H)+, of 301, 345, and 389 for M001, MOO2, and MOO3,
respectively.

The IR data (see Table V) show no carbonyl

group for MOOl, one carbonyl for M002, and two carbonyls
for M003 based on the absorption at ca. 1740 cm'1 (51).
The NMR data support the assignments for the normal
and cross ozonides (Table VI).

Neither ester methyl

protons (ca. S 3.66 ppm) nor ester carbonyl carbons (ca. S
174 ppm) are detected in the NMR spectrum of MOOl, but
there are two terminal methyl groups (S 0.88 ppm, 6H)
indicated in the •h spectrum and a peak at S 14.05 ppm from
methyl carbon absorption.

There is just one ester carbonyl

in MOO2 as indicated by the absorption at S 3.66 ppm (3H)
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and S 174.2 ppm for the ester methyl protons and ester
carbonyl carbon, respectively.

Since S 0.88 ppm (3H) and S

14.06 ppm peaks corresponding to the terminal methyl
protons are detected for M002, one terminal methyl group is
present in this ozonide.

There are two ester methyls in

MOO3 since S 3.65 ppm (6H) and S 174.2 ppm peaks are
detected for the ester methyl protons and carbonyl carbons,
but no terminal methyls since neither S 0.88 ppm nor S 14
ppm peaks are detected.
B.3.2

Assignments for the cis and trans Isomers.
Since the cis isomer has a larger dipole moment

(113,114), the peak with shorter retention time in reversephase HPLC is assigned to the cis isomer and the peak with
longer retention time to the trans isomer (see Table III).
This assignment is consistent with the literature
(36,52,115) where the smaller Rf value from the normal phase
TLC is assigned to the cis isomer and larger Rf value to the
trans.

The assignment is further confirmed by the faster

rate of the hydrolysis observed with the cis isomer (see
Chapter II, C.2.5).
B.3.3

HPLC Analysis of the Yields of Ozonides Formed
from the Ozonation of Methyl Oleate in Hexane.
Figure 2A shows a HPLC chromatogram for the six

possible ozonides generated from the ozonation of 0.013 M
methyl oleate in hexane at 22°C under the conditions where
no methyl oleate is recovered.

Adjacent pairs of peaks
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correspond to a single spot on TLC, in which the peak of
the shorter retention time is assigned to the cis and the
other to the trans isomer.
The total ozonide yield in Fig 2A is 88.8% by HPLC.
The yields of the individual compounds are 9.9%, 66.3%, and
12.6% for MOOl, M002, and M003, respectively, giving
relative yields of 0.15:1.0:0.19.

Riezebos et al. (51)

reported the relative yields of 1:2:1 for MOOl, M002, and
M003 generated from ozonation of 0.34 M methyl oleate in
light petroleum at 10°C; when they reduced the concentration
of methyl oleate to 0.017 M at -65°C, Riezebos et a l . could
not detect any cross ozonides.

We obtain a trans to cis

ratio of 1.3 for M002 compared to 1.1 reported by Privett
et al. (52) from ozonation of 0.014 M methyl oleate in
pentane at -70°C.

Both the yields of cross ozonides and the

trans to cis ratios are higher at higher ozonation
temperature because of the 'solvent cage effect' and
equilibration between syn- and anti-carbonyl oxides.

More

discussion on this subject is presented in Chapter II,
C.3.3.
B.3.4

The UV Spectra for the Ozonides.
The UV spectra for all six ozonides are shown above

the HPLC chromatogram (Fig 2B); no characteristic UV
absorptions due to chromophores are detected.

For all UV

spectra, the absorption is strongest in the vicinity of 200
nm and rapidly decreases with increasing wavelength.

The
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normal ozonides of methyl oleate have broader absorption
curves than the cross ozonides.

For MOOl, M002, and M003,

the cis and trans isomers have similar absorption curves.
For reasons of better sensitivity and baseline stability, a
wavelength of 210 nm was chosen for the HPLC detector.
B.3.5

Information on the Half-wave Reductive Potential
Of M002.
Ozonides are one type of peroxide, that can be reduced

by iodide (116).

The value of the half-wave reductive

potential (E1/2) for M002 was consistently shown to be
similar to that of methyl linoleate hydroperoxides (Table
IV).

The latter are known to be reduced in the electrical

cell of an electro-chemical detector on HPLC.

A logical

extension of these data, therefore, would be to use an
electro-chemical detector in reverse-phase HPLC.

This

would substantially improve the sensitivity of detection of
the ozonides.
B.3.6

Mass Spectra and Fragmentation Patterns of the
Ozonides.
Fragmentation patterns are suggested for M003 by

heterolytic (Scheme VII) and homolytic (Scheme VIII)
decompositions, based on the mechanisms of acidolysis (117)
and thermal decomposition (110,118,119) of the ozonides as
well as fragments generated in mass spectra (Figs 4, 5, and
6).

The bond fissions of the ring C-O, peroxy 0-0, and

ester methoxy C0-0CH3 bonds occur in either case.
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The Fragmentation Pattern for MOOl.

CH3(CH2)7-

22, M /z 113

fragmentation pattern for M001 is listed in Scheme IX,
where ions 17, 18, and 19 are generated in the same way as
ions 11, 2, and 7 in Schemes VII and VIII, respectively.
The fragmentation pattern for M002 is similar to those
shown in Schemes VII, VIII, and IX.

When methane was used

as the Cl gas, the M003 spectrum shows the protonated
parent ion, (M+H)+, at m/z 389; and the methane adducts,
(M+CH5)+, (M+C2H5)+, and (M+C3H5)+, at m/z 405, 417, and 429,
respectively.

The peak at m/z 371 is from dehydration of

the protonated parent,

(M+H-H20)+, and 357 is from the

protonated parent with two oxygen atoms less,

(M+H-02)+.

Other fragments can be found in Scheme VII and VIII.

By

using methane as the Cl gas, the mass spectrum of MOOl
provides peaks at m/z 301 for the protonated parent ion of
(M+H) + , and 317 and 329 for the methane adducts of (M+CHS)+
and (M+C2H5)+ (very small), respectively.

The peak at m/z

285 results from the loss of one oxygen atom from the
protonated parent,
in Scheme IX.

(M+H-0)+.

Other fragments can be found

Using isobutane as the Cl gas, M002 shows

the protonated parent ion, (M+H)+, at m/z 345; and the
isobutane adduct, (M+C4H9)+, at m/z 401.

The peak at m/z

373 is from the isobutane adduct losing a carbonyl,

(M+C4H9-

CO)+; and 317 is from the protonated parent losing a
carbonyl,

(M+H-C0)+.

Other fragments are the same as those

for both MOOl and M003.

The peak at m/z 141 in both

spectra of MOOl and M003 is ion 21, possibly arising from
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hydride abstraction from the C9 aldehyde (18-H)+ and not
from dehydration species of 17, 19, and 20 since 141 is a
minor peak in the M002 spectrum, whereas 159 (ions 17, 19,
and 20) is an intense peak.

The peak at m/z 141 in the

MOO2 spectrum is small and suggests that protonation of the
peroxidic oxygen atom, Ob (see Scheme VI), is less favorable
than the peroxidic oxygen atom, Oa (see Scheme VI) .

The

peak at m/z 159 is the base peak for MOOl, and the peak at
m/z 187 is the base peak for both M002 and M003.
B.3.7

The PT-IR Spectra for the Normal and Cross
Ozonides.
Table V lists FT-IR data for MOOl, M002, and M003.

Two major IR absorptions are at about 1109 cm'1 due to the
ring C-0 stretch and at about 1742 cm'1 from the ester C=0
stretch.

The three ozonides are distinguished in FT-IR

spectra: MOOl shows an absorption at 1108 cm'1 for the ring
C-0 stretching and does not show a carbonyl absorption;
MOO2 shows absorptions at both 1109 cm'1 and 1742 cm'1, and
the latter results from the ester C=0 stretching (in
agreement with Ewing et a l . (38)); and M003 shows an
absorption at 1109cm'1 and a doublet absorption at 1742 and
1734 cm'1.

These data (Table V) are slightly different from

the literature values (51), which may be due to different
solvents and instrument resolutions.
It is interesting that a doublet for the ester
carbonyl absorptions, which is not shown in the literature

(52), has been found for M003, a mixture of cis and trans
isomers.

This could be from couplings between the

identical characteristic stretching vibrations of the two
carbonyl bonds, which produce frequency splittings.

The

phenomenon of a doublet absorption from the carbonyl is
also indicated in the literature.

A doublet with 28 cm'1

difference was reported for diacyl peroxide carbonyl (120),
and a doublet with 65 cm'1 was also reported for diacyl
anhydride carbonyl (121) .

The 8 cm'1 splitting from the

carbonyls of M003 is apparently much smaller than the
literature values.
B.3.8

NMR Studies on Methyl Oleate Ozonides.
As we discussed earlier, the NMR peaks of the terminal

methyl protons, ester methyl protons, terminal methyl
carbon atoms, and ester carbonyl carbon atoms from

and 13C

spectra can be used to distinguish MOOl, M002, and M003.
The

and 13C spectra of the ozonide ring protons and

carbons can be used to distinguish the trans from the cis
isomer.
B.3.8.l

Assignments for the Ozonide Ring Structures.

From Table VI and Fig 7, the trans normal ozonide of
methyl oleate (trans-M002) gives one triplet centered at S
5.14 ppm (J 4.8 Hz); the cis normal ozonide of methyl
oleate (cis-M002) gives one triplet at S 5.18 ppm (J 5.2
Hz); and a mixture of the trans and cis isomers of M002
gives a set of two well-resolved triplets at 6 5.13 ppm (J

4.8 Hz) and S 5.18 ppm (J 5.2 Hz), which are not resolved
on the 200 MHz spectrometer (Fig 9).

Previous studies only

observed either S 5.1 ppm for all six isomers (51) or S
5.17 ppm (q) for M002 (38).

Our assignments are consistent

with the other physical properties of the ozonides based on
the dipole moments (52,113,114), Rf values on a normal-phase
TLC, and Rt values on a reverse-phase HPLC (Table III).
Based on the *H NMR data from trans- and cis-M002 (Table VI
and Fig 28), we assign peaks at S 5.19 and S 5.17 ppm to
the cis isomers for MOOl and M003; and peaks at S 5.14 and
S 5.12 ppm to the trans isomers for MOOl and M003,
respectively (Table VI and Fig 7A).
Since both MOOl and M003 show either C2 or a symmetry
for their trans or cis isomers, the two ring carbons C3 and
C5 (see Scheme VI) are equivalent in these cases.

We

observe two peaks at about S 104 ppm for both MOOl and M003
(Fig 7B) due to the ring carbons; these peaks arise from
the trans and cis isomers, not from carbons C3 and C5.
The 2D ‘H-13C correlation experiments (Fig 8) support
these assignments.

The results show that peaks at S 104.33

(Fig 8A) and S 104.24 (Fig 8B) ppm are produced by the
trans isomers of MOOl and M003 and peaks at S 104.28 (Fig
8A) and S 104.18 (Fig 8B) ppm by the cis isomers of MOOl
and MOO3, using the known values of the ring proton peaks
of the corresponding trans- and cis-isomers.

Thus,

symmetry considerations, 13C NMR, and 2D ‘H-^C correlation
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experiments give consistent assignments for the ring
carbons for MOOl and M003.
We assign the 13C NMR absorptions of carbons C3 and C5
in trans- and cis-M002 as follows.

The structural

environment of C3 in trans- and cis-M002 is closer to that
of C3 (or C5) in M003 rather than in MOOl, and the
environment of C5 in trans- and cis-M002 is closer to that
of C5 (or C3) in MOOl rather than in M003.

Thus we assign S

104.23 (trans-) and S 104.17 ppm (cis-) for C3 and S 104.34
(trans-) and S 104.26 ppm (cis-) for C5 in M002.

Most 13C

NMR peaks for M002 agree with the results obtained by Ewing
et al.

(38).

However, while Ewing et al. (38) detected

only one peak at S 106 ppm for the M002 ring carbons, we
detect four M002 ring carbon peaks between S 104.17 and S
104.34 ppm.

Complete assignments of the ozonide ring

structures including the terminal methyl, ester methyl, and
ester carbonyl groups are listed in Table VI.

The NMR data

for methyl oleate are also included in Table VI for
comparison.
B.3.8.2

Comparison of 400 MHz and 2 00 MHz NMR Spectra of
the Ozonides.

Figure 9 provides the spectra for both the protons
(Fig 9A) and carbons (Fig 9B) on the rings of MOOl, M002,
and MOO3 from a 200 MHz NMR spectrometer.

The *H NMR

spectra provide an unresolved multiplet peak (five lines)
for both cis and trans ozonide ring protons of MOOl, M002,
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and MOO3.

The 13C NMR spectra only show one line for the

ozonide ring carbons of both MOOl and M003, and two lines
for M002.

Thus, a 200 MHz spectrometer is not powerful

enough to resolve these peaks; this is undoubtedly the
reason why the previous work (38,51) gives incorrect
assignments for the NMR peaks.

SUMMARY.
This chapter, for the first time, presents the
data on UV, high resolution *H NMR, and 13C NMR
spectra for the six possible Criegee ozonides of
methyl oleate.

The spectral data from mass and

FT-IR are also presented for the normal and cross
ozonides of methyl oleate, namely, MOOl, M002,
and MOO3 (see Scheme VI for structures).

The IR

data are in agreement with the literature.

Table

VII summarizes the data of mass, IR, and NMR of
MOOl, cis-MOO2, trans-M002, and M003 that are
most discriminatory in the identification of
these species.
Heterolytic and homolytic fragmentation patterns
suggested for MOOl, M002, and M003 are consistent
with either acidolysis or thermal decomposition
mechanism in the literature.
The spectral data on ‘H NMR and FT-IR as well as
the retention times on reverse-phase HPLC can be
used for qualitative identification of the
ozonides.

Such data are specially useful when

the ozonides exist as a mixture.

The data on UV

spectra allow us to use a UV detector connected
to HPLC instrument to identify the ozonides.
This is adequate for both qualitative and
quantitative analyses of the ozonides.
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Table VII.

Summary of the Most Useful Data for
Discriminating the Ozonides of Methyl
Oleate.

Ozonide"

MS
(M.W.)

IR (cm'1)
Ring C-0 C=0

•H NMR
ppm

13C NMR
ppm

5.19
5.14

104.28
104.33

MOOl

300

1108

cis-MOO2

344

1109

1742

5.18

trans-M002

344

1109

1742

5.14

104.26
104.17
104.34
104.23

388

1109

1742
1734

5.17
5.12

104.18
104.24

MOO 3

a. See Scheme VI for the structures.

C.

CHAPTER II

METHYL OLEATE OZONIDES IN AQUEOUS MICELLES:
FORMATION/ STABILITY/ AND
INITIATION OF LIPID PEROXIDATION

C.l
C.1.1

EXPERIMENTAL
Materials.
Methyl oleate (99%), methyl linoleate (99%), methyl

palmitate (99%), DSPC (synthetic, 99+%), and SDS (99%) were
purchased from Sigma Chemical Co., St. Louis, MO.
Chloroform-d (99.8 atom% D) and
diethylenetriaminepentaacetic acid (DTPA, 98%) were
purchased from Aldrich Chemical Company, Inc., Milwaukee,
WI.

Chelex®-100 chelating resin, 200-400 mesh, sodium form

(analytical grade) was purchased from Bio-Rad Laboratories,
South Richmond, CA.

Sodium phosphate, monobasic,

monohydrate (100%, AR) was purchased from J. T. Baker
Chemical Co., Phillipsburg, NJ.

Methanol (99.9%; ChromAR,

HPLC), water (ChromAR, HPLC), sodium chloride (99.9+%, AR),
and sodium phosphate, dibasic, heptahydrate (99.49%, AR)
were purchased from Mallinckrodt, Paris, KY.

The normal

ozonide of methyl oleate (M002) and two cross ozonides
(MOOl and M003) were prepared as mixtures of cis and trans
isomers (see Chapter I, B.1.2 and B.1.4).

All chemicals,

except the ozonides, were used as received without further
purification.
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C.1.2

Ozone Generation.
A 1.2% (v/v) ozone-in-oxygen stream (the ozone output

was calibrated iodometrically, in Appendix, H.3) was
generated using an OREC ozonator (Model 03V10-0) at a flow
rate of 200 mL/min; 26 ppm (v/v) ozone-in-air was generated
using a Welsbach ozonator (Welsbach Corp., Philadelphia,
PA, Model T-23) at a flow rate of 300 mL/min.

The ozone

concentration of 26 ppm was determined by the methods
previously used (11).
C.1.3

Preparation of Methyl Oleate in SDS Micelles.
Methyl oleate at different concentrations was

incorporated into SDS micelles containing different SDS
concentrations between 0.02 M and 0.5 M, well above the CMC
value of 0.008 M (122).

All micellar solutions used for

ozonation were prepared in Chelex®-100 treated 0.05 M
phosphate buffer, pH 7.4, containing 0.1 mM DTPA.

In a

typical micellar solution preparation, 10 mg of methyl
oleate was dispersed in a total volume of 2.4 mL of 0.10 M
SDS in Chelex®-100 treated 0.05 M phosphate buffer, pH 7.4,
containing 0.1 mM DTPA.

The solution was sonicated in a

water bath sonicator (L&R Manufacturing Company, Kearny,
NJ, Model L&R Transistor/Ultrasonic T-14B) for two 5 min
periods with a 5 min interval to give a clear micellar
solution.

The control experiment was performed in the

absence of methyl oleate.

62

C.1.4

Preparation of Methyl Oleate in Hexane.
About

10 mg of

of hexane.
C.1.5

methyl oleate wasdissolved in 2.4 mL

This solution was exposed to ozone directly.
Preparation of Methyl Oleate Droplets in
Phosphate Buffer.

About

10 mg of

stirring, to 2.4

mL

methyl oleate wasgently added, without
of Chelex®-100 treated 0.05 M phosphate

buffer, pH 7.4, containing 0.1 mM DTPA.

Methyl oleate

floated on the surface (ca. 20 mm in diameter) of the
solution, forming an oily droplet (ca. 5 mm in diameter) in
the center.
C.1.6

Preparation of DSPC Liposomes containing Methyl
Oleate.
A suspension of 4.8 mg of methyl oleate and 124.8 mg

of DSPC was prepared in 80 mL of Chelex®-100 treated 0.015
M phosphate buffer, pH 7.4, containing 0.125 M NaCl.

The

mixture was sonicated for 3 min in a water bath sonicator
(L&R Manufacturing Company), cooled in an ice-bath, and
sonicated using a Branson 450 Sonifier (Branson Ultrasonics
Corporation, Danbury, CT) for 1 min at full power and 50%
duty cycle.

The sonication was repeated five times at 5

min intervals and the solution of methyl oleate in DSPC
liposomes was let stand at room temperature for 30 min
before ozonation.

The control experiment was performed in

the absence of methyl oleate using the same procedure.
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C.1.7

General Ozonation Procedure.
Either a 26 ppm or 1.2% ozone stream was introduced

through a fine capillary into a 020x85 mm vial containing a
2.4 mL of methyl oleate solution.

The vial was connected

to a 10% KI trap solution and placed in a water bath at 22°C
(room temperature).

The tip of the capillary was 20 mm

above the surface of the solution to prevent foaming in the
SDS solution.
ozonation.

Figure 10 shows the experimental set-up for

The ozone concentration was kept constant

during ozonation and the solution was also kept at a total
volume of 2.4 mL by adding a certain amount of the
appropriate solvent to the system being ozonated to
compensate for solvent losses due to evaporation.

The

solution was continuously stirred except for experiments
using methyl oleate droplets floated on buffer solutions.
After ozonation, the samples were prepared for HPLC
analysis.

For ozonation in SDS micelles, the total volume

was adjusted to 2.4 mL by adding water or 0.12 M SDS
solution for direct analysis by HPLC.

For ozonation in

hexane, the solvent was evaporated under a gentle nitrogen
stream and methanol was added to a total volume to 2.4 mL
for HPLC analysis.

For ozonation of methyl oleate as

droplets in Chelex®-100 treated 0.05 M phosphate buffer,
0.5 M SDS solution was added to adjust its volume to 4.8
mL.

64

To a 10 % Kl trap solution

Either 26 ppm ozone/air
or 1.2 % ozone / oxygen

Surface of the solution
Water bath
at room temperature
o

CM

(j) 24 mm

Fig 10.

The device used for ozonation in SDS micelles.
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C.1.8

Ozonation of Methyl Oleate in DSPC Liposomes.
A 26 ppm ozone-in-air stream was bubbled through 80 mL

of the methyl oleate/DSPC liposomal solution in a 200 mL
flask for 1 hour, where the flask was placed in a water
bath at 22°C and connected to a 10% KI trap solution for
trapping unreacted ozone.

After ozonation, 320 mL of

chloroform/methanol (3:1, v/v) was added, the organic
fraction separated, and the solvent removed using a rotary
evaporator.

The residue was extracted using 10 mL of

acetone, which dissolves methyl oleate ozonides but not
DSPC.

Finally, the acetone was removed under a gentle

nitrogen stream, and the remaining material, which contains
methyl oleate ozonides, was subjected to HPLC and *H NMR
analyses.
C.1.9

HPLC Analysis of the Ozonide Yields and Methyl
Oleate Conversions.
A reverse-phase Hewlett-Packard ODS Hypersil, 5

m,

200x2.1 mm column was used on a Hewlett-Packard 1090 liquid
chromatograph.

The mobile phase consisted of 50%

methanol/water increased to 100% methanol over 15 min and
held at 100% methanol for 10 min.

The flow rate was 0.45

mL/min and the eluent was monitored at 210 nm.

The

retention times, R,, used for identifying the ozonides of
MOOl, M002, M003, and unreacted methyl oleate, can be found
in Table III.

The quantitative analysis of ozonide yields

and methyl oleate conversions was based on the formation of
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the ozonides and disappearance of methyl oleate using the
external standard method.

The standard curves were

established for methyl oleate, MOOl, M002, and M003 in
Appendix, H.4, where the response factors for both the cis
and trans isomers were assumed to have the same value.
The individual ozonide yield (M00%), the total ozonide
yield (MOOT%), the relative ozonide yield (MOO(rel)), the
trans to cis ratio of each ozonide (t/c), and the molar
conversion of methyl oleate are defined and calculated
using eqs 16, 17, 18, 19, and 20, respectively.
MOOf
MOO% = ---------MOc - MO,

X

(16)

100%

M00T% = M001% + MOO2% + M003%

(17)

MOO%
MOO (rel) % = ------MOO 2=

(18)

t

trans isomer%

Area (trans)

c

cis isomer%

Area (cis)

(19)

M00 - MO,
Methyl oleate conversion% = ---------- x 100%
MO„

(20)

'O

In eqs 16, 17, 18, and 20, M00% represents either M001%,
M002%, or M003%; MOOf is the moles of either MOOl, M002, or
MOO3 formed, which contains both the cis and trans isomers
for each ozonide; M0o, moles of methyl oleate at the start
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of the reaction; and M0t, moles of methyl oleate at the end
of the reaction.

In eq 19, trans isomer% and cis isomer%

are the yields of the trans and the cis isomers,
respectively; Area (trans) and Area (cis) are the areas
integrated from HPLC corresponding peaks.

The HPLC

external standard calibration curves (ref. Appendix, H.4)
were used to derive MQOf and MO,; M0o was calculated from the
mass of methyl oleate used.
C.1.10

Measurement of *H NMR Spectra of the Organic
Extracts from the Ozonation of Methyl Oleate in
SDS Micelles and in DSPC Liposomes.

The *H NMR spectra were obtained on either a Bruker AC200 or AM-400 MHz NMR spectrometer with CDC13 as solvent.
The sample from ozonation of methyl oleate in SDS micelles
was prepared as follows.

After ozonation of 10 mg of

methyl oleate in 0.02 M SDS micelles for 10 h with a 26 ppm
ozone-in-air stream, the solution was adjusted to 5.0 mL by
adding 0.12 M SDS solution, extracted with two 20 mL
aliquots of chloroform/methanol (3:1, v/v), and the organic
fractions were combined and dried over magnesium sulfate.
The solvent was removed using a rotary evaporator under
vacuum and the residue dissolved in CDC13 for 'H NMR
analysis.

The sample from ozonation of methyl oleate in

DSPC liposomes was prepared as described in Chapter II,
C.1.8.
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C.1.11

Hydrolysis of Methyl Oleate Ozonides in 0.10 M
SDS Micelles at 37°C.

C.1.11.1

Hydrolysis of the Six Ozonides of Methyl Oleate
at pH 7.4.

In a typical run, 4.8 mg of M002 containing both the
cis and trans isomers and about the same amount of methyl
palmitate were dispersed and sonicated in 9.6 mL of 0.10 M
SDS micellar solution containing Chelex®-100 treated 0.05 M
phosphate buffer (pH 7.4) and 0.1 mM DTPA.

Methyl

palmitate served as a reference compound for measuring the
rate constant of hydrolysis of the ozonide ring.

Each

ozonide/SDS micellar solution was placed in a 37±0.1°C water
bath (American Scientific Products, McGaw Park, IL, Model
Shaking Water Bath BT-23), and sampled at certain
intervals.

The disappearance of the ozonides was followed

by HPLC analysis for about 60 days (see Appendix, H.5),
which is more than two half-lives for the hydrolysis.
However, this 60 day period is only more than one half-life
for the trans isomer of MOOl.

The kinetic data points from

the hydrolysis of the ozonides were fitted as exponential
curves using a first-order model, shown in eq 21, to give
an observed complex pseudo first-order rate constant, k',
for the hydrolysis of both the ring and methyl ester in the
ozonides.

It is assumed that the rate constant for the

hydrolysis of the methyl ester group in the ozonides is
about the same as that for methyl palmitate.

Thus, an
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approximate pseudo first-order rate constant, k'r, for the
hydrolysis of the ozonide ring can be represented by eq 22.
[MOO]t = [MOO]0 exp(-k't)

(21)

k'r = k' - k'mp

(22)

In eqs 21 and 22, [MOO]t is the ozonide concentration at
time t; [MOO]0, the initial ozonide concentration; t, time
in minutes; k'mp, the pseudo first-order rate constants for
the hydrolysis of the methyl ester group of methyl
palmitate.

The areas integrated from the HPLC peaks of the

ozonides are used directly for the ozonide concentrations
[MOO]t and [MOO]0 in eqs 21 and 22.

Then [M00]t and [MOO]0

become dimensionless and they are linearly proportional to
the ozonide concentrations.
C.1.11.2

Hydrolysis of M002 at pH 2 and 12.

The micellar solutions for the acidic hydrolysis of
M002 and the reference compound methyl palmitate were
prepared separately in 0.10 M SDS containing 0.01 M H2S04.
The pH values of these solutions were measured as 2.41.
The micellar solution for the basic hydrolysis of M002 and
methyl palmitate was prepared in a single solution of 0.10
M SDS containing 0.01 M NaOH.
solution was measured as 12.2.

The pH value of this
All other conditions for

hydrolysis, sampling, and analysis were the same as those
used at pH 7.4.

After hydrolysis, the pH of the reaction

solutions was measured as 2.38 and 12.1, respectively, thus
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no significant pH changes were observed after hydrolysis.
C.1.12

Autoxidation of Methyl Linoleate Initiated by
M002 in 0.10 M SDS Micelles at 37°C.

C.1.12.1

HPLC Analysis of Conjugated Diene(s) Formed.

Methyl linoleate (2 /jL) and M002 (2 juL) were dispersed
in 2.4 mL of 0.10 M SDS containing Chelex®-100 treated 0.05
M phosphate buffer (pH 7.4).

The mixture was sonicated for

10 min to give a transparent solution and placed in a
37±0.1°C water bath.

The formation of conjugated dienes

(CD) was analyzed at 5 h and 40 h, using the same HPLC
conditions described in Chapter II, C.1.9 along with the
detector at 23 0 nm.

The control experiment was performed

using the same procedure in the absence of M002.
C.1.12.2

Conjugated Diene Formation Monitored Continuously
at 234 nm.

In a typical run, 2 nL of methyl linoleate and 1 juL of
MOO2 were dispersed in 2.4 mL of 0.10 M SDS containing
Chelex®-100 treated 0.05 M phosphate buffer (pH 7.4).

The

solution was stirred and sonicated for 10 min until it
became clear and then was transferred to a 10x10 mm UV
cuvette.

The solution was stirred at 37±0.2°C and monitored

continuously at 234 nm using a Varian Cary 219
spectrophotometer.

The rate of CD formation was calculated

by eq 23, using the known extinction coefficient, e =
27,000 M^cm'1 (123,124).
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d[CD]
----dt

1 AA234
(23)
eL

At

In eq 23, [CD] is a molar concentration of conjugated
dienes; AA234, absorbance change at 234 nm; L = 1 cm, the
light path of the UV cuvette; and At, change in time
corresponding to the absorbance change, in seconds.
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C.2

RESULTS

C.2.1

Ozonation of Methyl Oleate in Different Solvent
Systems and at Different Ozone Concentrations.
Ozonation of 0.013 M methyl oleate in hexane, in

droplets, and in 0.02 M SDS micelles was studied using 26
ppm ozone.

In all three cases, methyl oleate ozonides were

formed (see Fig 11).

The total ozonide yields vary from

88.8% in hexane to 11.1% in SDS micelles (see Table VIII).
Table IX compiles the yields of M002 under the given
conversions of methyl oleate obtained from different
ozonation conditions including solvents, ozone
concentrations, methyl oleate concentrations, and ozonation
times.
C.2.2

The Total Ozonide Yields, the Relative Yields of
the Cross to Normal Ozonides, and the trans to
cis Ratios of the Ozonides.

The total ozonide yields and the relative yields of
the cross to normal ozonides in hexane, droplets, and 0.02
M SDS micelles are listed in Table VIII.

The trans to cis

ratios of the ozonides in hexane, droplets, and different
SDS concentrations are listed in Table X.
C.2.3

Ozonation of Methyl Oleate in Aqueous SDS
Micelles.

Methyl oleate in SDS micelles was exposed to 2 6 ppm
ozone at pH 7.4 for 3 h under the following two conditions.
First, a constant bulk concentration of

In

H e x ane

In

Phosphate

In

14

Fig 11.

15

T 1 mo

16

(min.)

17

18

Reverse-phase HPLC chromatograms of the products from the ozonation of
methyl oleate: (A) in hexane, (B) in 0.05 M phosphate buffer (pH 7.4), and
(C) in 0.02 M SDS micelles. The peaks in each adjacent pair with the
shorter retention time are cis and with the longer retention time are
trans isomers of the ozonides; the pair of peaks around 14 min is MOOl
the pair around 16 min is M002, the pair around 18 min is M003,
and the peak at 17.4 min is unreacted methyl oleate.
u>

Table VIII.

The Total and Relative Yields of the Ozonides*.
Total
Ozonide
Yield%

MOOl

Hexane

88.8

0.15 ±0.01

1.0

0.19 ±0.01

0.02M SDS

11.1

0.17 ±0.01

1.0

0.31 ±0.01

Phosphate
(Droplets)

20.1

0.15 ±0.01

1.0

0.43 ±0.01

Solvent

Relative Yields
. M002

MOO 3

a. Ozonation conditions include 26 ppm ozone, 0.013 M of bulk
concentration of methyl oleate, and 30 min for ozonation.

Table IX.

The Yields of the Normal Ozonide of Methyl Oleate and the
Corresponding Conversions of Methyl Oleate in Different
Solvent Systems Using 26 ppm and 1.2% Ozone".
26 ppm 03/air

Solvent
MOO 2 Yield
Hexane

Methyl Oleate
Conversion

1.2% o3/o2
MOO 2 Yield

Methyl Oleate
Conversion

66.3 ±0.3%

36.3 ±1.9%

65.6 ±0.6%

82.6 ±2.8%

Phosphate
(Droplets)

12 .7 ±0.7%

79.3 ±0.7%

11. 0 ±0.9%

81.4 ±0.3%

0.02 M SDS

7.5 ±0.6%

53.5 ±2.5%

7.5 ±1.4%

59.4 ±5.5%

0.10 M SDS

2 .6 ±0.2%

61.6 ±1.2%

2.5 ±0.1%

67.5 ±4.6%

0.50 M SDS

2.2 ±0.1%

64.5 ±1.1%

2.2 ±0.0%

85.1 ±1.6%

0.05 M SDSb

2.7 ±0.1%

28.5 ±2.2%

2.6 ±0.1%

37.8 ±0.1%

0.05 M SDSC

3.0 ±0.1%

17.8 ±1.0%

3.1 ±0.1%

28.0 ±2.5%

a. The ozonation time was 3 h for 26 ppm ozone-in-air and 30 min for 1.2%
ozone-in-oxygen, except the ozonation in hexane was done for just 30 min
for 26 ppm ozone and 1 min for 1.2% ozone. The bulk concentration of
methyl oleate was 0.013 M, except where indicated. Chelex®-100 treated
0.05 M phosphate buffer containing 0.1 mM DTPA, pH 7.4, was used in the
systems of droplets and all concentrations of SDS micelles.
b. The bulk concentration of methyl oleate was 0.060 M.
c. The bulk concentration of methyl oleate was 0.12 M.

Table X.

The trans to cis Ratios of the Ozonides
from the ozonation of Methyl Oleate".

Solvent
Hexane

MOOl

MOO 2

MOO 3

1.16 ±0.04

1.29 ±0.06

1.02 ±0.12

0.50M SDS

N.D.b

1.45 ±0.02

0.10M SDS

N.D.

1.35 ±0.02

N.D.

0.05M SDS

N.D.

1.32 ±0.02

N.D.

0.02M SDS

1.15 ±0.10

1.28 ±0.07

1.19 ±0.02

Phosphate
(Droplets)

0.77 ±0.12

0.88 ±0.02

0.78 ±0.07

N.D.

a. The ozonation of methyl oleate was carried out
in SDS micelles and droplets, which contained
Chelex®-100 treated 0.05 M phosphate buffer,
pH 7.4, for 30 min using 26 ppm ozone. The bulk
concentration of methyl oleate in all solvent
systems was 0.013 M.
b. N.D., not detected.
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0»013±0.002 M of methyl oleate was ozonated in different
SDS concentrations ranging from 0.02 M to 0.5 M.

Secondly,

methyl oleate was ozonated in different concentrations of
both methyl oleate and SDS.

The yields of M002 were found

to be 2.2-7.5%, corresponding to the 65-54% conversion of
methyl oleate under the given conditions (Fig 12).

Figure

13 shows the effect of varying the concentration of SDS on
the conversion of methyl oleate at a fixed bulk
concentration.
Figure 14 shows ‘H NMR spectra for the extract from the
ozonation mixture formed in methyl oleate/SDS micelles and
the authentic sample M002, using a 200 MHz NMR
spectrometer.
C.2.4

Ozonation of Methyl Oleate in DSPC Liposomes.
Ozonation of methyl oleate incorporated in DSPC

liposomes clearly shows the formation of M002 by HPLC
analysis (Fig 15) and *H NMR spectrum (Fig 16) .

The 200 MHz

‘H NMR spectrum for the extract from the methyl oleate/DSPC
liposomes is also shown in Fig 14.
C.2.5

Hydrolysis of Methyl Oleate Ozonides in 0.10 M
SDS Micelles at 37°C.
The pseudo first-order rate constants, k'r, and half-

lives for hydrolysis of the ozonide rings of M001, M002,
and M003 at pH 7.4 are listed in Table XI.
At pH 12, the hydrolysis of methyl palmitate is slower
than the hydrolysis of the M002 ring structure.

At pH 2,

.0

°

[^°]bulk =

v

[M 0 ]bulk n o t c o n s t

0.5

1.0

COnst

1.5

[U 0 U e U e '

2.0

2.5

3.0

U

The yields of M002 from the ozonation of methyl
oleate using 26 ppm ozone-in-air in SDS micelles
at 22°C under the following conditions: (A) the
methyl oleate amount was kept constant at 9.5 mg
(in 2.4 mL total volume) and the SDS
concentration changed from 0.5 M to 0.02 M
(represented by open circles in the Figure); and
(B) both the amount of methyl oleate and the
concentration of SDS were changed (represented by
open triangles in the Figure). The micellar
concentrations of methyl oleate are calculated
assuming a micellar volume of 0.25 mL/mmole SDS
(125).
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Fig 13.

The molar conversions of methyl oleate derived
from the ozonation of methyl oleate in micelles
using 26 ppm ozone-in-air and 9.5 mg of methyl
oleate in 2.4 mL total volume at 22°C. The SDS
concentration changed from 0.02 M to 0.50 M.

80

(A)

MO/DSPC LIPOSOME
in

a

m

in

(B)

SDS EXTRACT
Ol

a.

(C)

M002 STAND

a
a

PPM

Fig 14.

The 200 MHz *H NMR spectra: (A) of the extract of
the ozonation mixture from methyl oleate/DSPC
liposomes; and (B) of the extract from methyl
oleate/SDS micelles as compared to (C) the M002
standard.
'MO' represents methyl oleate.
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Fig 15.

Reverse-phase HPLC chromatograms for the products
generated from the ozonation of methyl oleate in
DSPC liposomes: (A) The control experiment in the
absence of methyl oleate; (B) in DSPC liposomes;
and (C) the ozonide standards: M001, M002, and
M003.
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Fig 16.

(A) 400 MHz *H NMR spectra of the extract from
ozonation of methyl oleate in DSPC liposomes
compared to (B) The M002 standard.
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however, the hydrolysis of methyl palmitate is much faster
than that of the M002 ring structure.

By using eqs 21 and

22, approximate values of k'r for the hydrolysis of cis-M002
and trans-M002 at pH 2 and 12 are calculated and listed in
Table XI.

At pH 7.4, the ester group does not hydrolyze

(k'mp = °) under our conditions.

Therefore, at this pH, the

rate constants for the hydrolysis of the ozonides can be
obtained without further assumptions.

The data used for

these kinetic calculations can be found in Appendix, H.5.
C.2.6

initiation of the Autoxidation of Methyl
Linoleate by M002 in 0.10 M SDS Micelles at 37°C.
The autoxidation of methyl linoleate initiated by M002

was carried out in 0.10 M SDS micelles at pH 7.4.

The

formation of CD from this reaction at 5 h and 40 h compared
to that at the initial time was analyzed by HPLC (Fig 17A).
Figure 17B shows a HPLC chromatogram of the control
experiment.

The CD peaks in Fig 17 were confirmed by the

CD standards generated from the autoxidation of methyl
linoleate initiated by 2,2'-azobis(2-amidinopropane)dihydrochloride.
The rates of the autoxidation of methyl linoleate in
hexane and SDS micelles initiated by M002 were obtained by
continuously measuring the formation of CD (Table XII).
The rates of autoxidation in corresponding control
experiments were too small to measure during 3 h (Table
XII) .

Table XI. The Pseudo First-order Rate Constants, k'r, and
Half-lives of the Ozonides of Methyl Oleate in
0.10 M SDS Micelles Containing 0.1 mM DTPA at 37°C.
kr'xl07 s'1
Ozonide

PH

cis

trans

Half-life (day)
cis

trans

MOOl

7.4

4.11 ±0. 66

1.85 ±0.41

19.5

43.3

MOO 2

7.4

13.2 ±0.32

3.55 ±0.45

6.1

22.6

2.0

164

±18

44.4 ±17

0.5

1.8

12.0

25

±2.8

9.42 ±0.97

3.2

8.5

26.7 ±1.1

8.33 ±0.43

3.0

9.6

MOO 3

7.4
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Fig 17.

Reverse-phase HPLC chromatograms for the
autoxidation of methyl linoleate (A) with and (B)
without M002 as an initiator in 0.10 M SDS
micelles at pH 7.4 and 37°C.

Table XII. Autoxidation of Methyl Linoleate at 37°C initiated by M002 in Hexane
and in o.io M SDS Micelles Containing 0.05 M Phosphate Buffer, pH 7.4.

Solvent

[DTPA], mM

[M002], mM

(d[CD]/dt)xl09 M's'1

-

-

0.00

Hexane

-

00
o
•

Hexane

0.17

SDS

0.1

-

0

SDS

0.1

1.0

0

SDS

-

-

0.07 ±0.002

SDS

—

1.0

0.77 ±0.078

d[CD]/dt)xl09 M ’s’1

3.01 ±0.01 (DMVN)a

4.39 ±0.26 (DMVN)*
8.75 ±0.40 (ABAP)b

a. DMVN:

2,2'-azobis(2,4-dimethylvaleronitrile), 1.0 mM.

b. ABAP:

2,2'-azobis(2-amidinopropane)dihydrochloride, 1.0 mM.
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C.3

DISCUSSION
In this study, SDS micelles containing methyl oleate

were exposed to a constant stream of either 26 ppm (v/v)
ozone-in-air or 1.2% (v/v) ozone-in-oxygen.

The ozonation

mixtures were then analyzed by reverse-phase HPLC and
ozonide yields were calculated based on the formation of
the ozonides and disappearance of methyl oleate.
C.3.1

Formation of the Ozonides in Aqueous Micellar and
Other Ozonation Model Systems.
The results presented in Fig 11 (HPLC traces) and Fig

14 (*H NMR spectra) demonstrate for the first time that
ozonation of methyl oleate in aqueous SDS micelles produces
all the six possible ozonides.

In addition to HPLC

evidence, the *H NMR spectrum has confirmed the formation of
the ozonides.

In Fig 14, there are five lines representing

two triplets which are partially overlapped at S 5.18 and S
5.14 ppm for the SDS extract using 200 MHz NMR
spectrometer.

This unique spectral pattern agrees with

that from authentic M002, which has been previously
characterized (see Fig 9).

The control experiment does not

show any peaks in the regions where the ozonides would
appear in a 'H NMR spectrum or in a HPLC chromatogram.
Among the ozonides formed in 0.02 M SDS micelles, the
normal ozonide constitutes about 68%.

For ozonations in

other concentrations of SDS used, the amount of cross
ozonides formed were too small to be detected (Table X).
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The formation of the ozonides in SDS micelles from our
studies is in contrast with the results of the previous
investigations, which indicated that ozonation of
unsaturated fatty acids in the presence of water would
produce mainly hydrogen peroxide and not the ozonides
(11,39).
Figure 18 shows possible orientations of ozone, methyl
oleate, aldehyde, and carbonyl oxide in the micellar
pseudo-phase. The recombination of the aldehyde and
carbonyl oxide to form the ozonides may be fast enough to
compete the diffusion of carbonyl oxide to the micellar
surface, where the carbonyl can react with water.
Having shown that the ozonides are formed in SDS
micelles, formation of the ozonides from various other
model systems have been demonstrated as well: methyl oleate
in hexane, in droplets, and in DSPC liposomes by HPLC (Figs
11 and 15) and by *H NMR (Figs 14 and 16) .
For the extract from ozonation in the DSPC liposomal
model, the *H NMR spectrum

shows two

triplets atS 5.18and

S 5.14 ppm using a 400 MHz NMR spectrometer (Fig16), and
thus confirms the formation of M002 (Figs 7 and 16).
However, whether or not cross ozonides are formed cannot be
determined, since some materials elute in the same regions
as the cross ozonides.

The control experiment does not

show any peaks around retention times M002 elutes.
results are identified by HPLC (see Fig 15).

These

o-s-o'
0

Fig 18.

Possible orientations of ozone, methyl oleate,
aldehyde, and carbonyl oxide in SDS micelles.
03

VO
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To some extent, methyl oleate in hexane is similar to
the unsaturated fatty acid tails in hydrophobic bilayers
and methyl oleate droplets in phosphate buffer are like the
lung surfactant monolayer structure.

Although the hexane

and droplet systems are crude and poor models of the
biological situation, the ozonation information from these
two systems is still useful for comparison with the results
from the micellar model.
The formation of ozonides from the methyl oleate/DSPC
liposomal model strongly suggests that ozonation of
liposomes with unsaturated hydrocarbon tails would produce
ozonides.

Figure 19 shows possible orientations for methyl

oleate and ozone which would produce carbonyl oxide to
further form ozonides in liposome bilayers.

The same

techniques were used for identifying ozonides from the
methyl oleate/DSPC liposomal model.
C.3.2

Effect of ozone Concentrations.
The concentration of ozone (1.2% or 12 000 ppm) used in

our studies is comparable to that used in most other
chemical studies {35-39,41).

However, a lower, more

biologically and environmentally relevant concentration of
ozone (26 ppm) was also used.

No significant differences

in the yields of ozonides were observed under the two
different conditions (Table IX).
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C.3.3

The Relative Yields of the Cross to Normal
Ozonides and the trans to cis Ratios of Each
Ozonide.
Table VIII shows that the relative yields of cross

ozonides (to the normal ozonide) increase in the model
systems in the order: droplets > SDS micelles > hexane
solution.

This can be explained by the fact that the local

concentration of methyl oleate increases in the same order.
Higher concentrations of olefins have, in fact, been shown
to give higher yields of the cross ozonides (56,61).

The

trans/cis ratio of 1.28 in hexane at 22°C in our experiments
is higher than 1.1 obtained by Privett et a l. at -70°C (52).
Because the syn-carbonyl oxide is more stable (126) and
gives trans-ozonide (Scheme V) and because higher
temperatures accelerate the equilibration between syn- and
anti-carbonyl oxides (62,65,67), a higher trans/cis ratio
is expected at a higher temperature.

The higher trans/cis

ratios in SDS micelles compared to hexane (Table IX)
results from differences in the solvent nucleophilicities
(59,67).

Since higher olefin concentrations produce lower

trans/cis ratios (59,61), thus the lowest trans/cis ratios
are produced when using the droplet model, where the
concentration of methyl oleate is close to pure methyl
oleate (Table IX).

Fig 19.

Possible orientations of ozone and methyl oleate in DSPC liposomes.
vo

to
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C.3.4

Ozonation of Methyl Oleate in Aqueous SDS
Micelles.
Our results show that the yield of M002 (the major

ozonide produced in all systems we used) increases with
increasing the micellar concentration of methyl oleate (Fig
12

) and that the conversion of methyl oleate increases with

increasing a SDS concentration (Fig 13).
To explain our results, it is assumed that both the
aggregation number of each micelle and the number of water
molecules associated with the micelle are constant over a
certain concentration range.

When the micellar

concentration of methyl oleate is increased, the number of
methyl oleate molecules per micelle is expected to be
increased, and the ratio of the associated water molecules
to the methyl oleate molecules in each micelle is
decreased.

As a result, the competition in Scheme III is

more favored to form the ozonides.
When the SDS concentration is increased, the total
micellar volume is increased and the amount of ozone
dissolved in the micellar pseudo-phase increases, hence
enhancing the conversion of methyl oleate in ozonation.
C.3.5

Stabilities of Methyl Oleate Ozonides in Aqueous
Micelles at 37°C.
All the three cis-isomers of the ozonides hydrolyze

much faster than the trans-isomers (Table XI), probably
because of higher free energies for the cis-isomers.
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Consistent with this explanation, it is known that cis
ozonides undergo reduction faster than the trans {53,127).
The differences in half-lives (t1/2) of M001, M002, and
MOO3 could arise from: a) a difference in the electronic
effect of the ester group; or b) a difference in the
distance of ozonide ring from the micellar surface.

In the

later case, the amount of water molecules associated with
the ozonide rings may be different, and this would mean
that more water molecules associated will collide with the
ozonide containing more hydrophilic groups to increase the
rate of hydrolysis.
Hydrolysis of M002 is much faster in both pH 2 and 12
than pH 7.4 (Table XI), however, our interest is mainly
focused on the hydrolysis of M002 at the physiologically
relevant pH of 7.4.

The half-life of trans-M002 is about

23 days and is much longer than that of cis-M002

(6

days)

at pH 7.4 and 37°C in 0.10 M SDS micelles (Table XI).

For

comparison, the half-life of allylbenzene ozonide in
chloroform at 37°C was reported to be 16 days (38) .
Although we have not carried out a product analysis
for the hydrolysis, the available literature suggests that
a number of potential radical precursors (such as a- 1 hydroxy-l-alkylhydroperoxides and hydrogen peroxide) could
be produced from the hydrolysis of the ozonide rings
(40,117).

At this point, it becomes relevant to mention

that cis-isomers of the ozonides could be more toxic, as
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they do hydrolyze much faster.
C.3.6

Initiation of the Autoxidation of Methyl
Linoleate by M002 in SDS Micelles at 37°c and pH
7.4.
We have extended the studies of Ewing et a l. on

autoxidation of unsaturated fatty acids initiated by the
ozonides in a neat linoleate phase to an aqueous micellar
pseudo-phase.

Consistent with the previous results (38),

methyl oleate ozonides do initiate linoleate autoxidation
in SDS micelles (Fig 17 and Table XII).

Unlike initiation

in neat linoleate phase, initiation of lipid peroxidation
in SDS micelles may be due to the hydrolytic products which
could produce free radicals (40,117).
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C.4
C.4.1

CONCLUSIONS
The formation of Criegee-type ozonides is
demonstrated and quantitated for the first time
in aqueous micellar and modified liposomal
systems, which hitherto are reported to be formed
only in non-participating organic solvents or in
films.

C.4.2

All ozonides of methyl oleate have long halflives and all trans ozonides are more stable than
all cis isomers in SDS micelles at 37°C and pH
7.4.

The half-life of trans-M002 is 23 days and

the half-life of cis-M002 is

6

days in SDS

micelles at 37°C and pH 7.4.
C.4.3

Methyl oleate ozonides have been shown to
initiate lipid peroxidation in SDS micelles at
37°C and pH 7.4.

C.4.4

Techniques Used for Identifying the Ozonides.
NMR is a powerful technique for qualitative
identification of the ozonides.

The peaks at

5.18 and 5.14 ppm in JH NMR spectra are shown to
give a satisfactory identification of the
ozonides.

The complete *H and 13C spectral data

for the unique ozonide structures are listed in
Table VI.

To quantitate the ozonide yields, a

reverse-phase HPLC technique with the external
standard method has been used.

Reverse-phase
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HPLC is shown to be a convenient, reproducible,
and accurate technique for analysis of the
ozonides, since it only involves a direct
injection of the sample.
C.4.5

Implications from this Study.
Since the micellar model simulates the
environment in a cell membrane bilayer, an
estimated yield of 4.2% of trans-M002 (based on
the amount of converted methyl oleate), and the
long half-life of trans-M002 (23 days at 37°C and
pH 7.4) in 0.10 M SDS micelles imply that the
ozonides may be formed in vivo and serve as
potential marker molecules of ozone reaction in
lung surfactant, cell membranes, and possibly
other biological systems.

D.

SUGGESTIONS FOR FUTURE WORK

Based on the data available from this study, the
ozonides are unique products of the reaction of ozone with
unsaturated fatty acids in aqueous systems.
the ozonides are chemically stable.

Additionally,

They appear to be

ideal marker molecules for studies of biological systems
exposed to ozone.

Further experiments are suggested as

follows.
in vitro:
a)

Better chemical models should be chosen for ozone
exposure studies, such as a monolayer or thin films on
an aqueous surface and liposomes containing
unsaturated fatty acid tails plus a certain percentage
of cholesterol to simulate the appropriate viscosities
or fluidities for a membrane environment.

b)

The electro-chemical detector or mass detector may be
equipped on the reverse-phase HPLC instrument to
obtain a higher sensitivity for analysis of ozonation
products.

c)

The stability of the ozonides can be further studied
in more biologically-relevant systems, e.g. incubation
of the ozonides in iron-containing systems or in red
blood cells.
in vivo:
All above studies may be extended to in vivo studies.
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PART II

RELATIVE ANTIOXIDANT EFFICIENCIES
IN AQUEOUS MICELLES OF ANIONIC AND CATIONIC SURFACTANTS
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E.

E.l

INTRODUCTION II

Autoxidation.
The study of antioxidants thus far is so closely

connected with autoxidation that it is impossible to
discuss this subject without a mention about the other.
A chemical reaction that usually takes place at
ambient temperatures between atmospheric oxygen and an
organic compound is generally referred to as autoxidation
(128).

The majority of compounds that are subjected to

autoxidation are unsaturated compounds.

Among them, the

unsaturated fatty acids are of special interest to Pryor's
research group.

This type of reaction is related to our

everyday life in more than one way, for example, food
deterioration, damage to biological tissues, and
deterioration and degradation of polymers.

Thus,

autoxidation as an active area of research has attracted
considerable interest for over the last fifty years (128).
An important feature of autoxidation of unsaturated
fatty acids in particular is that it is autocatalytic in
nature.

The reaction is enhanced by metal ions, light, and

certain enzymes.

It is inhibited by a variety of chemical

compounds, i.e., antioxidants, and certain enzymes as well
(128).

Since ground state oxygen is a triplet diradical

and since unsaturated fatty acids have a singlet ground
state, direct addition between these two types of molecules
100
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are. spin forbidden.

Thus, the ground state dioxygen may

react with unsaturated fatty acids through two mechanisms:
a) via singlet oxygen generated through light or
photosensitizers; and b) by a free radical pathway.

The

autoxidation of unsaturated fatty acids is a free radical
process (128).
Linoleic acid (LH) is an unsaturated fatty acid.

The

mechanism of autoxidation of LH in homogenous solutions
under sufficient oxygen pressure (> 100 mm Hg) can be
represented by eqs 24 through 34 in Scheme X (129).

In

these equations, R-N=N-R represents the thermal initiator;
LH, the molecule of linoleic acid that has a doubly-allylic
hydrogen capable of undergoing autoxidation easily; and
InH, the antioxidant.

There are three main steps in

autoxidation reactions: initiation, propagation, and
termination.

However, inhibition will become a major

termination process if certain antioxidants coexist.
Detailed descriptions of both kinetic and product studies
concerning this type of reaction can be found in many books
and reviews (128-130).
In this study, no distinction is made between the
terms 'autoxidation' and 'lipid peroxidation', whereas the
latter is more commonly used in biological research.
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kd
Initiation

R-N=N-R

e
> [R- N2 -R] ---> 2R- + N2
(24)
1 -e
>R-R + N2
(25)

K
R* + 02 —

ROO-

ROO- + LH

>

(26)

ROOH

+ L-

(27)

K
Propagation

L- + 02

LOO-

K
LOO- + LH --- >
k,
— >

(28)

LOOH

+L-

(29)

Non-radical products

(30)

Termination

2 LOO-

Inhibition

LOO- + InH ---> LOOH + In-

kinlj

LOO- + in . ---> Non-radical products
or

LOO- + InH

>

(LOO-InH)-

(LOO-InH)• + LOO- --->

Non-radical product

(31)
(32)
(33)
(34)

Scheme X. The Mechanism of Autoxidation of Linoleic Acid in
Homogeneous Organic Solvents under Sufficient
Oxygen (> 100 mm Hg).
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E.2

The Methods Used for Studies of Autoxidation.
Based on the starting materials, viz., oxygen and

unsaturated fatty acids, oxygen uptake (using an oxygen
electrode or a pressure transducer apparatus) and gas
chromatographic methods are usually used for kinetic
studies (131-140).

However, if one considers the products

formed during autoxidation as the basis, peroxide value
(POV) determination, thiobarbituric acid (TBA) test, and
conjugated diene (CD) measurement are the methods of choice
(140-144).

In addition to the above, chemiluminescence,

fluorescence, infrared spectroscopy, and polarography
(140,145-147) as well as enzymatic methods (148,149) are
sometimes used, but not usually from the point of view of
quantitative kinetic analysis.

For product analysis of

autoxidation, GC, HPLC, and GC/MS are among the most
powerful techniques available (150-153).
In most studies aimed to determine the antioxidant
activity of a particular compound, oxygen uptake methods
are often used, using either an oxygen electrode (136-138)
or a pressure transducer (131,132,134,139), and the method
based on CD formation is much less in use.

One of the

limitations of studies using oxygen uptake is that some
processes other than lipid peroxidation also consume
oxygen.

First, the initiation step can consume oxygen and

this becomes important as chain lengths become short.
Secondly, some antioxidants themselves autoxidize and
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consume oxygen.

Thirdly, in biological systems (e.g.,

cells, organelles, etc.), there are many processes
(enzymatic and nonenzymatic) that consume oxygen.

In

addition, a very high temperature stability is often
required and temperature equilibration in the system should
be monitored carefully if one uses a pressure transducer
apparatus for the purpose of measurement.

The method based

on CD formation requires a spectrophotometer, preferably a
double-beam instrument for higher accuracy.

The higher

sensitivity and reproducibility of this method allows the
study of autoxidation processes under low conversions.

E.3

Antioxidants.
There are two different types of antioxidants,

referred to as preventive and chain-breaking antioxidants
(154,155).

Preventive antioxidants are usually species

that decompose peroxides and reduce the rate of chain
initiation.

Preventive antioxidants include certain

enzymes that can reduce hydroperoxides, e.g., catalase
reduces H202 to H 20; and glutathione peroxidase reduces H202
to H20 and also lipid hydroperoxides to the corresponding
alcohols.

Some preventive antioxidants also include

species which inhibit photo-induced autoxidations.

For

example, /3-carotene is an extremely efficient quencher of
singlet oxygen and so inhibits autoxidation.

Various

chelating agents are also included in this category since
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they inhibit redox cycling of transition metals.
The chain-breaking antioxidants are generally phenols
or aromatic amines.

They act by trapping peroxyl radicals

and so stop the chain propagation process.

Tocopherols

(i.e., vitamin E), ascorbic acid (i.e., vitamin C), and
2

,6-di-ter-butyl-4-methyl-phenol (BHT) belong to this

category.

Tocopherols, specially a-tocopherol, are

probably the major lipid-soluble, naturally occurring
antioxidants and have been extensively studied (156,157).
It has been shown that through regeneration of lipidsoluble tocopherols (e.g., a-tocopherol), ascorbic acid, a
water-soluble antioxidant, has a synergistic effect in the
inhibition of autoxidation (158,159).

Since 1954, BHT has

been used frequently as a food additive because of its
antioxidant property.

Interestingly, /3-carotene is also

considered as a special lipid soluble chain-breaking
antioxidant, as it acts only under very lower oxygen
pressures (< 5 mm Hg)

(160,161).

This property of /3-

carotene is in addition to its well-known function as a
singlet oxygen quencher.

E.4

The Study of Antioxidant Efficiency.
Inhibited autoxidation reactions are usually used to

study antioxidant efficiency (AE).

Several compounds, such

as styrene, linoleic acid, L-adilinoleoylphosphatidylcholine (DLPC), etc., are chosen as
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autoxidizable substrates (131,132,134-139,158,159,162-165).
These studies have been conducted in organic solvents,
micelles, and liposomes (131,132,134-139,158,159,162-165).
For AE studies, a constant rate of initiation is
required in the autoxidation system, and this is usually
achieved by using a thermal initiator (166).

The rate of

initiation is usually determined since the efficiency of
radical formation in the system is uncertain.

The

oxidizability (Oxid) characterizes how easily a given
substrate undergoes autoxidation.

On the other hand, the

constant Oxid value in the autoxidation system suggests
that the classical rate law is still applicable to the
system.
The rate constant for the inhibition step is used to
characterize the antioxidant activity (131,132,134,136139).

For complete kinetic studies, however, the rate

constants for the propagation (kp) and the termination (kj)
steps are determined.

E.5

Objectives of This Project and Model Systems Selected.
This project aims to establish a convenient

quantitative method for studying antioxidant efficiency in
chemical model systems and to investigate the charge
interaction between antioxidants and aqueous micelles.
Linoleic acid is selected as a substrate for the
autoxidation studies for the following reasons.

First, the
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rate of autoxidation of LH is much faster than any mono
unsaturated fatty acid and therefore, the time scales for
kinetic studies will be much shorter.

Secondly, LH is a

major unsaturated fatty acid (ca. 5%) in cell membranes if
one ignores mono-unsaturated fatty acids (157).

Thirdly,

data obtained with LH can be easily compared to the
literature since this fatty acid is used in most
investigations as a model compound.

Lastly, free linoleic

acid is reported to have a constant Oxid value in micelles
of different surfactant concentrations, a property which
methyl linoleate does not have (155).
A water-soluble thermal initiator, 2,2'-Azobis(2amidinopropane) dihydrochloride (ABAP), is used in micelles
for this study.

This initiator is shown to have a stable

rate of initiation in micelles (134) and, surprisingly, has
a large partition (up to 91%) into micelles of 0.1 M sodium
dodecyl sulfate (SDS)

(153).

In order to study the charge effect of micelles on
antioxidants, common anionic (SDS) and cationic surfactants
(hexadecyltrimethylammonium bromide, abbreviated to HDTBr)
are used.

The antioxidants used include: tocopherols, the

major lipid-soluble biological antioxidants; ascorbic acid,
an effective water-soluble biological antioxidant (158),
and its palmitate ester; /3-carotene, a special antioxidant;
BHT, a commonly used, synthetic antioxidant; L-/3-3,4dihydroxyphenylalanine (L-DOPA), another biological
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antioxidant; and 13-cis-retinoic acid (RA), a j3-carotene
related compound (169).
In this study, the CD formation is continuously
monitored at 234 nm by using a double-beam
spectrophotometer and the initial rate of inhibition is
used for the data process.

F.

CHAPTER III

RELATIVE ANTIOXIDANT EFFICIENCIES
IN AQUEOUS MICELLES OF ANIONIC AND CATIONIC SURFACTANTS

F.l
F.1.1

EXPERIMENTAL
Materials.
Linoleic acid (99%) was purchased from Nu-Chek-Prep,

Inc., Elysian, MN.

2,2'-Azobis(2-amidinopropane)

dihydrochloride (ABAP) and 2,2'-azobis(2,4dimethylvaleronitrile) (DMVN) were purchased from Wako
Chemicals USA, Inc., Dallas, TX.

Hexane (HPLC grade) and

sodium phosphate, dibasic heptahydrate (99.49%, AR) were
purchased from Mallinckrodt, Paris, KY.

Sodium phosphate,

monobasic, monohydrate (100%, AR) was purchased from J. T.
Baker Chemical Co., Phillipsburg, NJ.

Chelex*-100 chelating

resin, 200-400 mesh, sodium form (analytical grade) was
purchased from Bio-Rad Laboratories, South Richmond, CA.
Trolox C (97%), L-ascorbyl palmitate (97%), and BHT (99%)
were purchased from Aldrich Chemical Company, Inc.,
Milwaukee, WI.

Natural d-isomers of a-, /?-,

7

- and 6-

tocopherols (98.5%) and 2,2,5,7,8 -pentamethyl-6 hydroxychroman (PMHC; 98.5%) were gifts from Eisai Co.,
Ltd., Tokyo, Japan.

All the following chemicals were

purchased from Sigma Chemical Co., St. Louis, MO: SDS
(99%), HDTBr (99%), L-ascorbic acid (99%, ACS grade), LDOPA (97%) , /3-carotene (95%) , and 13-cis-retinoic acid
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(96%).

All chemicals were used as received.

The chemical

structures of some of these compounds are shown in Scheme
XI.
F.1.2

Preparation of Solutions.

F.1.2.1

stock Solutions of 0.30 M

Phosphate Buffer

(pH

7.4), 0.12 M SDS, and 0.12 M HDTBr.
The buffer solution was prepared as described in
Chapter I, B.1.1 and stored in a plastic bottle for no more
than two weeks.
as

0.12

F.1.2.2

Surfactants of SDS

and HDTBr were prepared

M stock solutions and used within two weeks.
Other Solutions.

The solution of 0.5 M ABAP was freshly prepared in
0.05 M phosphate buffer (pH 7.4), whereas DMVN was prepared
in the reaction solvent of hexane directly.
All antioxidants, except L-ascorbic acid, L-DOPA, and
Trolox C, were freshly prepared in methanol at a
concentration of 10"4 M (stock) .

The latter were prepared

in 0.05 M phosphate buffer (pH 7.4) as stock solutions of
10"4 M each.
Autoxidation of LH under uninhibited conditions was
carried out in hexane and in micelles with varying
concentrations of initiators and LH to obtain the data on
Ri, e, and Oxid.

However, in order to obtain AE values

under inhibited conditions in micelles, individual
solutions of surfactant and phosphate buffer were pre-mixed
to get a 0.10 M surfactant and 0.05 M phosphate (pH 7.4).
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Linoleic acid was then added, and the resulting mixture was
sonicated for 3 min to make it optically clear.

The

reaction mixture prepared as above was transferred to a l
cm UV sample cuvette.

The control solution which did not

contain LH was prepared in the same way and transferred to
a UV reference cuvette.
Deionized water of very high purity (resistance > 15
MD), obtained from Orion™ Reverse Osmosis water purifier
(Osmonics, Inc., Minnetonka, MN), was used in all
experiments as and when needed.
F.1.3

The Methods Used in This Study.

F.1.3.1

Kinetic Analysis.

The classic rate laws for both uninhibited (R,,ninh) and
inhibited (R^) of LH shown in Scheme X are given in eqs 35
and 36, respectively (129).

These equations have been

shown to be applicable to micellar systems as well
(134,136,138,162-165).

^ [ 0 2 ] uninh

kp

* W = ------------ ------- [LH]R;
dt
(2 kt) 1/2

Rinh

d[02]inh
----------dt

+ Rj

kp[LH]Rj
----------- + Ri
nk^flnH]

In eqs 35 and 36, -d[02]„„„*/dt and -dtOj]^ represent the
observed rates of oxygen uptake for the uninhibited and
inhibited autoxidations, respectively; 'n' is a

(35)

(36)
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stoichiometric factor for the antioxidant; [LH] and [InH]
are the molar concentrations of LH and antioxidants; Rj is
the rate of initiation; kp/(2 k,)1/2 is the oxidizability
(Oxid) of LH; and kp/ kt, and k^ are rate constants of the
propagation, termination, and inhibition steps,
respectively.
Since oxygen consumed in autoxidation is not
completely utilized for production of conjugated diene
hydroperoxides (170,171), and since some CD hydroperoxides
may decompose simultaneously, we use a proportionality
constant, K, to correlate the rate of oxygen uptake to that
of CD formation (eqs 37 and 38).

^

] uninh

-------- = K
dt
dCOaJw,

^t

3uninh

dt

d [CD]
= K

dt

(37)

(38)
dt

In this study, we use the ratio of k ^ to kp to
characterize the antioxidant efficiency, AE, as shown in eq
39.

The relative antioxidant efficiency, RAE, is then

defined as shown in eq 40.

^inh

AE = --kp

(39)
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AE (antioxidant)
RAE = ----------------AE (a-tocopherol)

(40)

In eq 40, AE(antioxidant) and AE(a-tocopherol) are the
antioxidant efficiencies for antioxidants to be measured
and for a-tocopherol, respectively.
F.l.3.2

Autoxidation Procedure.

In a typical run, the sample UV cuvette containing 2.4
mL of 2 . 6 mM LH in a surfactant-phosphate solution was
thermostated at 37±0.2°C and stirred continuously in the
compartment of a Varian Cary 219 spectrophotometer.

The

reference cell contained the same solution in the absence
of linoleic acid and it was thermostated at the same
compartment.
After about 20 minutes, when the thermal equilibration
in the spectrophotometer was expected to be completed,
aliquots (5±0.1 /laL each) of 0.5 M ABAP were added using a
digital microliter pipette to both the sample and reference
cuvettes and incubated for an additional 15 minutes in
order to allow the rate of autoxidation to become constant.
An aliquot (5±0.1 /laL) of an antioxidant solution was then
added using a precision syringe, and the changes in
absorbance were monitored with time at 234 nm.
F.l.3.3

Measurement of Average Molar Extinction
Coefficients (e) of Conjugated Diene(s).

Linoleic acid containing ca. 1% CD was prepared at the
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same concentration in methanol, hexane, and micelles and
the absorbance at 234 nm was measured using appropriate
blanks.

In principle, the ratio of the absorbance in

different solvents should be the same as that of their
molar extinction coefficients.

Therefore, the average

molar extinction coefficients of methyl linoleate
conjugated diene hydroperoxides in different solvents were
calculated according to eq 41, using the known value of
e (methanol) = 27000 M'cm'1 (172) .
A 234 (Solvent)
e (solvent) = --------------- x 27000
A234 (Methanol)
F.1.3.4

(M'cm1)

(41)

Calculation of the Rates of d[CD]UIlillh/dt,
d[CD]inh/dt (t,,), and the Induction Time of T from
a UV Absorption Curve.

Figure 20 shows a typical UV absorption trace for
kinetic study of autoxidation of LH.

The rates of CD

formation can be obtained from that trace (eqs 42 and 43).
dtCD]^
-------dt

d

[C D

] inh

-------d t

1 A2 - A,
— -------eL t2 - tj

1

(to )

(MS1)

(42)

(Ms1)

(43)

A ^234

--------eL
A t

In eqs 42 and 43, e is the molar extinction coefficient of
CD at 234 nm; L = 1 cm, the light path for the cell;
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234

_j

i

i

tl t 2 to
Time
Fig 20.

A representative UV trace of the inhibited
autoxidation of linoleic acid (LH) measured at
234 nm in 0.10 M SDS/0.05 M phosphate buffer (pH
7.4). Line AB: spontaneous autoxidation without
initiator; B: initiator (ABAP) added;
C: antioxidant added; t0, the time when an
antioxidant is added; and D: a cross-point for
the inhibited and uninhibited lines. The data of
d[CD]uninh, d[CD)^ , and T, are derived from this
trace.
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Aj and A2, the absorbance at times tj and t2 in the
uninhibited period, respectively; t0, the time when an
antioxidant is added; aa234 , absorbance change at 234 nm; and
At,

change in time corresponding to the absorbance change;

and the induction time, T, is indicated by the time
difference between C and D in Fig 20.
F.l.3.5

Determination of the Proportionality Factor of K.

Aliquots from the same autoxidation solution (in 0.10
M SDS containing 0.05 M phosphate, pH 7.4) at 37°C were
followed using both an oxygen electrode apparatus (YSI
Model 53 Biological Oxygen Monitor with a Model 5331 oxygen
probe, Yellow Springs Instrument Co., Inc., Yellow Springs,
OH) and a Varian Cary 219 UV spectrophotometer (Varian
Associates, Inc., Palo Alto, CA).

By varying the

concentrations of ABAP and LH, both -d[02]/dt and d[CD]/dt
were obtained for the same reaction solution, and the value
of K was then calculated using eq 37.
F.l.3.6

Stoichiometric Factor n.

A stoichiometric factor of 2 was assumed to be
applicable to all the antioxidants except ascorbic acid and
ascorbyl palmitate (173).

The stoichiometric factor in the

latter cases was assumed to be 1.5 (138).
F.l 3.7

Determination of the Rate of Initiation, R;, and
the Efficiency of Radical Formation, e.

The rate of initiation, R;, and the efficiency of
radical formation, e, were calculated using eqs 44 and 45
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(129), respectively.
2 [a-Toc]0
Ri =

(44)
T
(45)

R; = 2ekd[R-N=N-R]

In eq 44, [a-Toc]0 corresponds to the initial molarity of atocopherol (a-Toc).

The unimolecular rate constant for

thermal decomposition of the initiator, kd, in eq 45 was
taken to be 2.43X10"6 s"1 for DMVN in hexane, which was
determined in chlorobenzene at 37°C earlier (135).

For

ABAP, kd was determined as 3.72xl0'7 s'1 in SDS micelles at
37°C (134) .
Figure 21 shows a representative regression line for
the rates of initiation at different concentrations of DMVN
in hexane and, using a known kd (135), gives the e value.
F.l.3.8

Measurement of the Oxidizability (Oxid) of
Linoleic Acid.

When measuring the value ofOxid,kp/(2kt)1/2,
the concentration of LH wasvaried from

in hexane,

0.66xl0'2 to

2.65xl0‘2 M, and the concentration of DMVN from 0.22xl0‘3 to
1. 0x1 O’3 M.

Figure 22 shows a relationship between the rate

of uninhibited autoxidation and concentrations of DMVN and
LH in hexane, giving the Oxid value.
measured in micelles in the same way.

The Oxid values were

12

2ekd = 2.50x10 s
± 4.7xl0"“

10

e = 0.51±0.01

8

6

4

2

0
0

1

2

3

4

5

[DMVN] x 103 M

Measurement of the efficiency of radical
formation, e, from DMVN in hexane at 37°C,
assuming a kd value of 2.43X10-6 s'1, which was
determined in chlorobenzene (135).
[DMVN] was
varied from 2.0x1c4 to 4.0xl0'3 M.
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2.5
«n

Oxid <= 1.04xlO~2 i 2.9x10

3

tx.
(Ms)\_1/a

2.0

0.5

0.0
0.0

0.2

0.4
[IB ]

Fig 22.

0.6

0.8

1.0

1.2

1.4

1.6

R,1/2 z 10* m3/V ,/2

Measurement of the oxidizability (Oxid, see eq
35) of linoleic acid (LH) in hexane at 37°C: (■) ,
[LH] was varied from 0.66xl0'2 to 2.65xl0'2 M while
[DMVN] was kept constant at 4.2xl0‘3 M; and (□) ,
[DMVN] varied from 0.22xl0'3 to l.OxlO'3 M and [LH]
kept constant at 2.65xl0'2 M.

F.l.3.9

Measurement of AE Values.

Fromeqs 36
[InH]0_1,yields

Slope

and 38, aplot of

dtCDJ^/dt (t0) vs.

a line with the slope,
1kp[LH ]R;
---------K n k^

where t0 is the time when the antioxidant is added.

(46)

Then,

the AE values can be calculated from this slope using eq
47, which is derived from eqs 39 and 46.

kit*
AE = --kp

1 [LH ]R;
= ---------K n slope

(47)

Figure 23 illustrates how to obtain an AE value for aToc in 0.10 M SDS/0.05 M phosphate buffer (pH 7.4).

Since

the initial rate for the inhibition step, dfCDj^/dt (t0) ,
is used, this data treatment is referred to as the Initial
Rate Method.
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8

I kp[LH3 R,

Slope

7

K n ‘Snh

o
X

1 [LH] R»

AE

6

K n Slope

o

£C

5

o
a

4
3
2

2

3

4

[A-Toc] 1 x 10

Fig 23.

5

6

7

M

Calculation of the AE value for a-Toc in 0.10 M
SDS/0.05 M phosphate buffer (pH 7.4) using the
initial rate method. The term of dtCDj^/dt (t0)
is the rate of CD formation at the time (t = t0)
when an antioxidant is added. The AE value
determined in this Figure is listed in Table XVI.
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F.2

RESULTS

F.2.1

Molar Extinction Coefficients (e) for CD.

The e values for CD in hexane and in aqueous micelles
of 0.10

M SDSand 0.10 M HDTBr obtained using eq 41 and a

known e

value in methanol are listed in

F.2.2

Table XIII.

The Proportionality Factor of K.

The rates of autoxidation of LH together with the
conditions used are listed in Table XIV.
plotted in Fig 24.

These data are

The slope of this line, which equals K,

was found to be 1.19.

The value of K can be also

calculated from eq 37.
F.2.3

The Efficiencies of Initiators (e) and the Oxid
Values of Linoleic Acid.

The efficiencies of radical formation (e) and the Oxid
values of LH in hexane and in micelles of 0.10 M SDS and
0.10 M HDTBr surfactants are listed in Table XV.

Some of

the literature values are included for the sake of
comparison.
F.2.4

The AE and RAE Values of Antioxidants in 0.10 M
Micelles of SDS and HDTBr Surfactants at 37°C and
pH 7.4.

Table XVI gives AE values for all antioxidants
determined in 0.10 M SDS and 0.10 M HDTBr surfactant
solutions at 37°C and pH 7.4.

The RAE values for these

antioxidants are included in Table XVI.

Some literature

data are also cited in this Table for comparison.
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Table Kill.

The e Values of CD Determined in Hexane
and in Aqueous Micelles of 0.10 M

8

DS

and 0.10 M HDTBr Surfactants (pH 7.4)
Relative to in Methanol.

Solvents

e (234 nm) , M^cm'1

Methanol

27000°

Hexane

25500 ±500*

0.10 M SDS

26100 ±400*

0.10 M HDTBr

26600 ±1500*

a. Assumed as correct value, taken from ref.

(172).

b. Calculated from the absorbance of the solution
relative to a solution of LH of identical
concentration in methanol.
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Table XIV.

Data for the Measurement of the
Proportionality Factor of Ka.

[ABAP] XlO2
(M)

[LH] XlO3
(M)

RpXlO9 (MS'1)
(OE)c
(UV)rf

2.08

2.65

5.6 ±0.4

5.0 ±0.2

4.16

2.65

11.5 ±1.0

8.0 ±0.3

8.33

2.65

17.7 ±1.6

15.3 ±0.6

4.16

6

.63

28.5 ±2.4

23.3 ±1.0

a. The data on Rp values from both an oxygen electrode and
UV spectrophotometer are plotted in Fig 24 for
calculation of K.
b. 'Rp' is the rate of propagation, referred to eqs 28
and 29 in Scheme X.
c. OE: using an oxygen electrode apparatus.
d. UV: using a UV spectrophotometer.

30

25

K = 1.19 + 1.0x10

20

0

5

10

15

20

25

3 2 3 x 10» Ms-i
dt

The proportionality factor, K, calculated using
eq 37 from a plot of oxygen uptake (-d[02 ]/dt) vs.
CD formation (d[CD]/dt). The rate of -d[02]/dt
was measured by an oxygen electrode apparatus;
and d[CD]/dt, by a UV spectrophotometer. These
data points are from Table XIV.

Table XV.

Comparison of the CO Formation with Oxygen Uptake Methods'.

CD Formation

Oxygen Uptake

Relative Rate
to CD Formation

1.0

(0.10 M SDS)

1.19 ±0.01

(0.10 M SDS)

Oxidizabilities
(Ms) 1'2

0.016 ±0.003

(hexane)

0.020 ±0.0004

(chlorobenzene)b

0.039 ±0.002

(0.10 M SDS)

0.049 ±0.004

(0.50 M SDS)c

kP
(2 kt)1/2
Efficiencies
of Radical
Formation (e)

0.022

±0 . 0 0 2

(0.10 M HDTBr)

0.51 ±0.01

(hexane)

0.75 ±0.14

(chlorobenzene)6

0.49 ±0.03%

(0.10 M SDS)

0.49

(0.50 M SDS)d

0.22

±0 . 0 2

(0.10 M HDTBr)

a. Linoleic acid was used as a substrate for the autoxidation studies; the
concentration of LH was varied from 6 . 6 to 26.5 mM in hexane, 1.3 to 6 . 6 mM
in SDS micelles, and 2.6 to 10.6 mM in HDTBr micelles; the micelles of
0.10 M SDS and 0.10 M HDTBr contained 0.05 M phosphate buffer (pH 7.4);
total volume was 2.4 mL, and all reactions were conducted at 37°C.
b. Ref. (135).
c. Ref.

(132).
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d. Ref. (134).

Table XVI.

Antioxidant

The AE Values- of Antioxidants in Aqueous Micelles
of 0.10 M SDS and 0.10 M HDTBr Surfactants (pH 7.4) at 37°Ca
0.10 M HDTBrb

a-Toc

1770 ± 89

/3-Toc

0.10 M SDSb

0.5 M SDS

.0 0 )

1830 ± 47 (1 .0 0 )

967 ±137

0. 55)

952 ± 26 (0.52)

590

± 40

0.58)

978 ± 60 (0.53)

590 (0.59)c

6-Toe

527 ± 27

0.30)

570 ± 47 (0.31)

240

BHT

448 ± 19

0.25)

475 ±

PMHC

2850 ± 97

1.61)

2880

Trolox C

8300 ±357

AP

6930 ±534

7

-Toc

AA
L-DOPA
/3-Carotene
13-cis-RA

1020

1

( 0 .59)c

( 0 .24)c

(0.26)

300 (0.30)c

±122

(1.57)

4050 (4.05)c

4.69)

1320 ± 95 (0.72)

2970 (2.97)c

3 .92)

2660 ±167 (1.45)

1750 (1.75)*

35 ±

2
10

2

.1 0 )

260 ±

.1 2 )

5.7 ±0 . 6

±

4

0

99 ±

9

0.056)

210

(1 .0 0 )c

22

22800 ±1620 12.9)
3710 ±252

1000

(0 .0 2 )

27 (0.03)*

(0.14)
(0.0031)

0

(0 .0 )c

4.7 ±0.3 (0.0026)

a. The RAE values (relative to a-Toc) are shown in parentheses. a-Toc, j3-Toc,
7 ~Toc, and 5-Toc represent four tocopherols, respectively; AP represents
ascorbyl palmitate, and AA, ascorbic acid.
b. The data were obtained from the CD measurement using a UV spectrophotometer.
c. See ref. (134) ; obtained from an oxygen uptake method using a transducer
apparatus.
d. See ref. (138) ; obtained from an oxygen uptake method using an oxygen
electrode in 0.05 M SDS at 40°C.

£
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F.3

DISCUSSION

F.3.1.

The CD Method Compared to Oxygen Uptake Method.

Theoretically, one mole of oxygen consumed should
produce one mole of linoleic acid hydroperoxides (see
Scheme X).

Although most hydroperoxides in this case are

expected to be conjugated dienes, some non-conjugated
dienes may be formed (170,171), and some conjugated dienes
may be destroyed.

Therefore, the ratio of total linoleic

acid hydroperoxides to linoleic acid conjugated dienes may
be greater than 1.

The e value of linoleic acid conjugated

dienes does not show significant variation in hexane,
methanol, and micelles of SDS and HDTBr (Table XIII).
Therefore it is reasonable to use the literature value.
The value of K experimentally determined (based on the
ratio of rates of oxygen uptake to CD formation) is 1.19
(Fig 24).

Consistent with this ratio, the oxidizabilities

of linoleic acid reported by the previous workers using the
oxygen uptake method in an organic solvent and in SDS
micelles are about 1.3 times as large as those obtained in
this study based on the CD method (Table XV).
The efficiency of radical formation by the initiator
ABAP in SDS micelles that we determined is close to the
literature value (Table XV).

The efficiency of DMVN in an

organic solvent, on the other hand, is found to be lower
than the reported value (Table XV), which may be due to the
difference of the solvent polarities.

Both the
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oxidizability and efficiency of radical formation are lower
in 0.10 M HDTBr than in 0.10 M SDS micelles.

This is

possibly due to higher micro-viscosity of HDTBr (rj = 47 cP
at 27°C) compared to SDS (rj = 12 cP at 25°C) micelles (174) .
The higher oxidizabilities in micelles than in organic
solvents (Table XIV), which are in agreement with the
literature (134,158), would result from the catalytic
nature of micelles.
A 10-fold lower rate of initiation, Rj, and a 10-fold
lower concentration of linoleic acid are used in this study
as compared to studies using the pressure transducer method
(134,163).

The UV spectrophotometric technique used here

is of a higher sensitivity for measuring [LH].

Changes in

the concentration of CD could be determined as low as lxlO*6
M and the method is applicable to a conversion of LH lower
than

1 %.

Table XVII compiles RAE values of a-, /?-,

7

- and 6-

tocopherols and BHT in SDS micelles using a UV
spectrophotometer.

These results are compared with those

reported in previous studies which employed different
methodologies and substrate radical types (134,139,175177).

They are found to be in good agreement.

F.3.2.

The Antioxidant Efficiencies (AE) and Relative
Antioxidant Efficiencies (RAE) in Micelles of
0.10 M SDS and 0.10 M HDTBr.

As shown in Table XVI, all AE values exceptPMHC

and

Table XVII.

The RAE Values of Tocopherols and BHT Obtained Using
the CD Method Compared to Those Measured Using Other Methods.

Antioxidant

0.10 M SDSa
37°C

0.50 M SDS6
37°C

Liposomes'
30°C

Ethanolrf
25°C

Styrene'
30°C

a-Toc

[1 .0 0 ]

[1 .0 0 ]

[1 .0 0 ]

[1 .0 0 ]

[1 .0 0 ]

j3-Toc

0.52

0.59

0.54

0.44

0.41

~Toc

0. 53

0.59

0.50

0.47

0.44

6-Toe

0.31

0.24

0.47

0.10

0.14

BHT

0.26

0.30

7

0.0043

a. Our data were obtained from CD measurements using a UV spectrophotometer.
b.

Ref. (134); using a pressure transducer.

c.

Ref, (175); using a ESR spectrometer.

d.

Ref. (176); using a stopped-flow technique.

e.

Ref. (139,177); using a pressure transducer.
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Trolox C in SDS micelles are substantially higher (by a
factor of

1

.8 ) than those reported previously from our

laboratory (134).

These differences might have resulted

from the use of different methods.

The AE values for PMHC

and Trolox C in SDS micelles, on the other hand, are
smaller than those we reported earlier (134).

The AE value

of /3-carotene, which could not be detected in our previous
study using the pressure transducer technique, is found to
be 0.3% of the AE value of a-Toc.

Also, 13-cis-retinoic

acid has about the same AE value as /8 -carotene.
F.3.3.

The Micellar Charge Effect on Relative
Antioxidant Efficiency (RAE).

Data points extracted from Table XVI are plotted in
Fig 25, which shows clearly that micellar charges play an
important role in antioxidant efficiencies if the latter
carry apparent charges.

The antioxidant efficiency of

Trolox C is reduced dramatically in SDS micelles, perhaps
due to its ionized carboxylate group which causes it to be
repelled from the negatively-charged SDS micellar sphere.
In contrast, both AE and RAE values of Trolox C are higher
in HDTBr by about 6.5 times as compared to the values in
SDS micelles, suggesting that Trolox C is attracted to the
positively-charged HDTBr micellar sphere where the peroxyl
radicals are located (178,179).

Similarly, ascorbic acid

also shows a very high antioxidant efficiency in HDTBr
micelles (RAE = 12.9), but not in SDS micelles (RAE =0.02).
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AE(InH)/AE(a—Toe)

14
12

In 0.1M HDTBr
In 0.1M SDS

10

8
6
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I
0

BHT A-TOC
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TR

AP

AA

Inhibitor

Fig 25.

Relative antioxidant efficiencies (RAE) of BHT,
PMHC (PM), Trolox C (TR), ascorbyl palmitate
(AP), and ascorbic acid (AA) as compared to a-Toc
in aqueous micelles of 0.10 M SDS and 0.10 M
HDTBr surfactants (pH 7.4).

It is interesting to study the antioxidant efficiency
of ascorbyl palmitate.

A long carbon chain is expected to

'allow' ascorbyl palmitate to partially insert into SDS
micelles and, in such case, the hydroxyl groups of ascorbyl
palmitate may be closer to the SDS head groups compared
with those of ascorbic acid.

In the case of ascorbic acid,

the hydroxyl groups of ascorbic acid may be almost
completely repelled away from the SDS micellar sphere.

The

alkyl chain of ascorbyl palmitate results in an increase of
the RAE value from

0.02 for ascorbic acid to 12.9.

In

HDTBr micelles, ascorbic acid may be attracted on the
micellar sphere; however, ascorbyl palmitate may stay in a
certain position in HDTBr micelles due to a balancing
effect caused by electrostatic and lipophilic affinities,
more similar to the case as in SDS micelles.

Because of

this, ascorbyl palmitate only increases its RAE value from
1.45 in SDS micelles to 3.92 in HDTBr micelles.

The extent

of increase (2.7 times) is much smaller than that for
ascorbic acid (650 times) and Trolox C (6.5 times).
The AE value for L-DOPA also shows an increase in its
antioxidant efficiency in going from SDS micelles to HDTBr
micelles (Table XVI).

This may also result from the charge

interaction between L-DOPA and micellar spheres.
For uncharged
the RAE values are

antioxidants like BHT, a-Toc, and PMHC,
about the same inboth negatively-

c h a rg e d and p o s i t i v e l y - c h a r g e d m i c e l l e s .

CONCLUSIONS
The CD formation combined with the inhibited
autoxidation system used in this study has been
shown to be a convenient, reproducible, and
accurate method for determining the antioxidant
efficiency in vitro.
The antioxidant efficiencies (AE) and relative
antioxidant efficiencies (RAE) of 12 naturally
occurring and synthetic antioxidants have been
determined in both negatively-charged (0 . 1 0 M
SDS) and positively-charged (0.10 M HDTBr)
micelles using the CD method.

The AE values

obtained for these antioxidants in SDS micelles
are higher by a factor of

1.8

than the values

reported in the literature where a pressure
transducer method is used.

The RAE values,

however, are in good agreement with the
literature.
Micellar charges have been shown to have a
significant effect on the antioxidant efficiency
for charged antioxidants such as ascorbic acid
and Trolox C.
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APPENDIX

Appendix compiles the data on the following:
H.l) full FT-IR spectra of M001, M002, and M003; H.2) full
NMR spectra of M001, M002, M003, cis-M002, and trans-M002
obtained on 200 and 400 MHz NMR spectrometers;
H.3) calibration of ozone output using iodometric method;
H.4) standard curves of M001, M002, M003, and methyl oleate
used for HPLC analysis; and H.5) kinetic curves for the
hydrolysis of M001, M002, MOO3 (including both cis and
trans isomers), and methyl palmitate in aqueous SDS
micelles at 37°C and at pH 2, 7.4, and 12.
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H.l

FT-IR Spectra.
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Fig 26.

FT-IR spectra of MOOl (top), M002 (middle), and
MOO3 (bottom). Peak 1 (M003) is a doublet with 8
cm'1 splitting and peak 2 (M002) is a singlet.
These peaks correspond to the C=0 absorption. No
such absorption is found in the case of MOOl.
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NMR Spectra.
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400 MHZ NMR ‘H NMR spectra of MOOl (top), M002
(middle), and M003 (bottom).
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400 MHz ‘h NMR Spectra of trans-M002 (top),
cis-MOO2 (middle), and M002 (bottom).
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400 MHz 13C NMR Spectra of MOOl (top), M002
(middle), and M003 (bottom).
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Fig 30.

400 MHz 13C NMR spectra of trans-M002 (top),
cis-M002 (middle), and M002 (bottom).
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H.3

Calibration of Ozone Output.

H.3.1

Standard curve of I2 Measured at 352 nm (Fig 34).
Standard curve of I2 was obtained measuring the

absorbance at 352 nm vs. concentrations of I2 in 0.05 M
phosphate buffer (pH 7.0) containing 0.073 M KI solution.
The 0.05 M phosphate buffer containing 0.073 M KI served as
a blank solution.
H.3.2

Calibration of Ozone Concentration from the OREC
Ozonator (Fig 35).

According to eq 48, a 1:1 stoichiometric relationship
is assumed between the amounts of ozone consumed and iodine
released at pH 7.0 (180).
03

+ 3 r +

2

----- >

H+

H20 + I3- +

(48)

02

Ozone generated from the ozonator as a 03/02 stream was
introduced into 0.073 M KI solutions containing 0.05 M
phosphate buffer (pH 7.0) for 15, 30, 45, 60, and 120
seconds.

The iodine released from these solutions were

measured at 352 nm.

The ozone flow rate generated was then

calculated using the I2 calibration curve.

The following

are the conditions used for the calibration:
02

flow rate

2 00

m.L/min

Temperature

22°C

Pressure

1.2 atmosphere

Current

l A

Ozone concentration was calculated as 1.2% (v/v) in oxygen
or

12000

ppm under these conditions.
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x io5 m

Standard Curve for Iodine in Phosphate Buffer
(0.05 M, pH 7) Containing 0.07 M KI.
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Calibration of Ozone Output by Iodometry.
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H.4

Standard Curves for MOOl, M002, MOO3 and Methyl Qleate
for Reverse-phase HPLC Analysis (Figs 36 through Fig
39).
The ozonides of methyl oleate were prepared in 0.50 M

SDS containing 0.05 M phosphate (pH 7.4) and 0.1 mM DTPA at
concentrations between 2.3X10"4 and 4.5xl0'3 M; methyl oleate
samples were prepared in the same solvent at concentrations
between 6.2X10"4 and l.llxlO'1 M.

The conditions adopted for

HPLC were the same as described in Chapter II, C.1.9 using
an injection volume of 20 fjiL.

Since the response factor

was assumed to be the same for both cis and trans ozonide,
the total areas integrated from HPLC peaks for both cis and
trans isomers of MOOl, M002, and M003 were plotted vs. the
moles of each ozonide.

The areas integrated from HPLC

peaks for methyl oleate were plotted vs. the moles of
methyl oleate.

HPLC analyses were performed in triplicate.
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Fig 36.

Standard Curve for M002 by HPLC.
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Standard Curve for MOOl by HPLC.
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Standard Curve for M003 by HPLC.
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Fig 39.

Standard Curve for Methyl Oleate by HPLC.
'X' represents the moles of methyl oleate.
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H.5

Kinetic Curves for the Hydrolysis of the Ozonides.
Three different concentrations ranging from 4.9X10-4 to

2.26X10'3 M of each ozonide (MOOl, M002, or M003) were
prepared in 0.10 M SDS at pH 7.4 (containing 0.05 M
phosphate and 0.1 mM DTPA) , pH 2 (containing 0.01 M H2S04),
and pH 12 (containing 0.01 M NaOH).

Methyl palmitate was

present in the sample solutions at pH 7.4 and 12, which was
at concentrations ranging from 7.2X10-4 to 4.2xl0'3 M.
Methyl palmitate was not included in the sample solution at
pH 2, but was prepared separately in an identical solvent.
Aliquots of 0.5 mL were sampled in certain time intervals.
Each aliquot was analyzed by HPLC (HPLC conditions used as
described in Chapter II, C.1.9) in triplicate and the
injection volume was 20 juL.

The total reaction time

followed was 60 days for the hydrolysis at 37±0.1°C and pH
7.4, 25 hours at pH 2, and 380 hours at pH 12.

The kinetic

curves in Figs 4 0 and 41 represent one concentration of
each ozonide and methyl palmitate except for the hydrolysis
of methyl palmitate at pH 7.4 in Fig 40.
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Kinetics of the hydrolysis of MOOl, M002, M003,
and Methyl Palmitate in 0.10 M SDS micelles at
37°C and pH 7.4.
'MP7 represents methyl
palmitate.
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